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Raman scattering is an important method to obtain the vibrational spectroscopic 
information of molecules by their inelastic scattering with photons. Surface enhanced 
Raman scattering (SERS) greatly enhances the Raman scattered light and makes it 
possible for applications in material analyses and low-concentration bio-chemical 
molecules’ detection. It is necessary to develop SERS substrates with high 
enhancement factors (EFs) and good signal homogeneities. Laser processing is a 
versatile tool to create micro/nano-structures for SERS detection. It provides high 
potential to rapidly fabricate SERS substrates in large area. The studies in this thesis 
design and fabricate 2-dimensional (2D) and 3-dimensional (3D) plasmonic 
nanostructures as SERS substrates by laser means. The SERS substrates can exhibit 
good signal enhancement and uniformity over the sample surface. 
 
A rapid two-step approach to fabricate 2D SERS substrates with high controllability 
in ambient air is developed. Dynamic laser ablation directly creates microgrooves on 
the Si substrate. During laser ablation, nanoparticles (NPs) are synthesized via the 
nucleation of laser induced plasma species and the air molecules. With Ag film 
coating, these NPs can function as hot spots for SERS. Microsquare arrays are 
fabricated on the Si surface as large-area SERS substrates by the laser ablation in 
horizontal and vertical directions. In each microsquare, it exhibits quasi-3D structures 
with randomly arranged and different shaped NPs aggregated in more than one layer. 
Uniform SERS signals are obtained by detecting the probing molecules adsorbed on 
the substrates. With the optimal laser fluence, the SERS signals show a uniform 





To further develop the surface area of nanostructures to improve the SERS detection 
sensitivity, well-ordered Si nanowires (SiNWs) are applied as 3D SERS substrates. 
Laser interference lithography (LIL) and metal-assisted chemical etching are used to 
fabricate various aspect ratios of 3D SiNWs. Ag thin films are deposited on the 
SiNWs for SERS detection. By gradually increasing the height of SiNWs, a better 
SERS performance is observed. Compared to Ag thin film deposition, Ag NPs’ 
decoration via different fabrication techniques are carried out for SERS detection. 
AgNPs’ decoration by redox reaction exhibits the best SERS performance due to the 
generation of high-density hot spots. 
 
The aspect ratio effect of SiNWs with AgNPs’ decoration on SERS has been further 
investigated in detail. As the height of the SiNWs increases, the light scattering inside 
the structures is enhanced. The number of the probing molecules within the detection 
volume is increased as well. These factors contribute to higher SERS signal intensity. 
However, the light trapping effect for higher SiNWs may prevent the collection of 
SERS signals. An optimized aspect ratio ~ 5:1 (1 µm height and 200 nm width) for 
the SiNW array is found for SERS detection. The well-ordered SiNWs demonstrate 
much better SERS signal intensity and uniformity than the randomly arranged SiNWs 
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Chapter 1 Introduction 
 
Raman scattering provides information on the vibrational states of molecules, which 
can be used for material analyses and bio-chemical sensing [1]. However, the Raman 
scattering cross section is intrinsically small in a normal Raman process, which 
prevents its practical applications. In order to improve the Raman signal intensity, 
surface enhanced Raman scattering (SERS) has been widely investigated. Using 
plasmonic nanostructures as the sensing platform, SERS techniques can dramatically 
enhance the Raman scattering of the analyte molecules when they interact with the 
incident light [2]. Therefore, to develop SERS substrates with high enhancement 
factors (EFs), good signal uniformities, and good reproducibility raises wide research 
interests. Meanwhile, the research in SERS also exerts impact on the industrial 
applications for environmental sensing and bio-chemical molecules’ finger-print 
detection etc. [3, 4] 
 
1.1 Background: Raman Scattering and SERS 
Optical scattering and absorption happens during light matter interactions. Most 
photons are elastically scattered by the molecules, which is called Rayleigh 
scattering. In Rayleigh scattering, the scattered photons have the same energy as the 
incident photons and thus the scattered light exhibits the same wavelength and 
frequency as the incident light. Meanwhile, a small portion of photons are 
inelastically scattered, which is known as Raman scattering, leaving the molecule in a 
different quantum state. In Raman scattering, the scattered photons exhibits different 
photon energies from the incidence due to the vibrational or rotational states of the 
molecules [5]. Therefore, Raman scattered light exhibits frequencies higher or lower 
than the incident light. A gross selection rule illustrates that, to be Raman active, a 
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molecule must have anisotropic polarizability, depending on the rotational and 
vibrational coordinates. In this case, molecular energy levels are quantized, leading to 
discrete energy levels from which we can gain information on the molecule itself. 
Typically, the cross section for Rayleigh scattering is much larger than that of Raman 
scattering. 
Figure 1.1 The energy-level diagram in Rayleigh scattering and 
Raman scattering [6] 
 
Figure 1.1 shows the energy-level diagram of the states involved in Rayleigh 
scattering and Raman scattering. Raman scattering occurs when the incident light 
irradiates on the analyte molecules. A photon interacts with the molecule in either the 
ground rovibronic state or an excited rovibronic state (rotational and vibrational 
energy levels of the ground electronic state) [4, 5]. The molecule is then excited to a 
virtual energy state for a short period of time. Then an inelastically scattered photon 
can be emitted with the energy higher or lower than the incident photon. In this case, 
the final rovibronic state of the molecule is a different rotational or vibrational state 




If the energy of the final vibrational state is larger than the initial state, the 
inelastically scattered photon exhibits a lower frequency, corresponding to a longer 
wavelength, than the Rayleigh scattering [4-7]. This type of Raman scattering is 
called a Stokes shift. On the other hand, for an anti-Stokes shift, the energy of the 
final vibrational state is lower than the initial state and thus the scattered photon is 
shifted to a higher frequency (shorter wavelength). The frequency shifts in Stakes and 
Anti-Stokes transitions always exhibit symmetric distribution from the incident light 
in the spectrum because both of them correspond to the energy difference between the 
same excited and ground rovibronic states as shown in Fig. 1.1.  
 
Raman spectrum is given by the Raman scattering intensity as a function of the 
Stokes and anti-Stokes frequency shifts [8]. It can provide information on the 
vibrational and rotational states of molecules, which can be applied for molecules’ 
finger-print detection. Compared to other vibrational spectroscopy techniques, such 
as Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy possesses 
one important advantage to probe the non-IR-active transitions [9]. There is a strong 
absorption for water at the mid-IR range, which may affect the bio/chemical detection 
in water by FTIR. However, Raman spectroscopy can directly detect the molecules in 
water regardless of the strong IR light absorption. For these reasons, Raman 
spectroscopy has been widely considered as a valuable analytical technique in 
physical, chemical and material science. However, Raman scattering is extremely 
weak when compared to Rayleigh scattering because only a small fraction of the 
photons are inelastically scattered [10]. Meanwhile, Raman scattering is also very 
weak when compared to fluorescence. A typical non-resonant Raman scattering 
cross-section (~10-30 cm2) of a dye molecule is about 15 orders of magnitude lower 
than that of fluorescence (~10-15 cm2) [11]. The weak Raman signals impede the 
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practical applications of Raman spectroscopy. 
 
In 1973, M. Fleischmann et al. first experimentally demonstrated the surface 
enhanced Raman scattering (SERS) from pyridine molecules adsorbed on Ag 
electrode [12, 13]. Since then, various studies have been carried out to explore the 
mechanism of SERS. SERS is generally considered as a surface-sensitive technique 
that increases the Raman scattering cross sections of the molecules by their 
adsorption on rough noble metal surfaces. Two major mechanisms are widely 
recognized to be responsible for the SERS enhancement, which are known as 
electromagnetic enhancement mechanism and chemical enhancement mechanism. 
The former is considered as the dominating factor for the total SERS signal 
enhancement. 
 
The electromagnetic theory suggests that the increasing of Raman signal arises from 
the electromagnetic field enhancement at rough metal surfaces. It is realized by the 
amplification of light due to the excitation of localized surface plasmon resonances 
(LSPRs). LSPRs are supported by the collective oscillation of charges in plasmonic 
nanostructures with the incident light at the resonant frequency [14, 15]. The light 
concentration occurs at the surfaces of the nanostructures, especially at the gaps and 
sharp corners, leading to the local field enhancement, known as hot spots. The 
molecules located in the hot spots can benefit from the field enhancement and exhibit 
much stronger Raman scattering. 
 
Figure 1.2 illustrates the electromagnetic enhancement of Raman scattering by the 
excitation of LSPR between two metallic nanoparticles at a small inter-particle gap. 
When a laser beam irradiates such a SERS system, the LSPR of the metallic dimer 
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can be induced if its resonant frequency matches the incident light frequency [16]. A 
strong coupling of the metallic dimer at the resonance increases the intensity of 
incident light as well as the excited Raman scattered light (at a wavelength different 
but close to the incident light). It results in a huge increase in the total output. The 
theoretical calculation estimates that a localized enhancement up to 1014 can be 
achieved by the electromagnetic enhancement [17]. A detailed discussion on the 
excitation of LSPR and the corresponding electromagnetic enhancement mechanism 
will be provided in the following Chapter. 
 
Figure 1.2 Localized surface plasmon resonance (LSPR) and 





The other mechanism involved is the chemical enhancement, which attributes the 
Raman signal enhancement to the charge transfer between the chemisorbed molecules 
and the metal surface. In this case, the laser excitation wavelength is resonant with 
the metal-molecule charge transfer electronic states. It suggests that the charge 
transfer is a highly molecule specific process. Theoretically, the chemical 
enhancement can contribute to an EF of 103, which is much lower than the 
electromagnetic enhancement [2]. Chemical enhancement is only applied in specific 
cases, while the electromagnetic enhancement can be applied regardless of the type of 
molecules being investigated. 
 
The total EF of SERS is a product of the electromagnetic enhancement and chemical 
enhancement. Research has shown that the average Raman signal can be greatly 
increased (usually around 103 to 106 times) by SERS [17]. To develop SERS sensing 
platforms, especially SERS substrates, with high EFs, good signal uniformity and 
reproducibility remains an intriguing area of research on this field.  
 
1.2 Various types of SERS detection systems 
Based on the theoretical exploration, various studies have been done to investigate 
effective SERS systems. Noble metals have been widely used to construct 
nanostructures in the SERS systems due to their capability for hot spots’ generation 
when excited by incident light. Au and Ag are specially interested for SERS detection 
because their strong surface plasmon resonances in ultraviolet (UV)-visible range [5]. 
In this section, the research works on different types of SERS detection platforms, 





The most straight forward method to achieve SERS is to apply metal nanoparticles 
(NPs) system to suspensions. The analyte molecules in suspensions can be adsorbed 
on the NPs for enhancement. This SERS detection approach is mostly used in current 
applications due to their stability and ease of use. Metal NPs can be easily fabricated 
through regular wet chemistry methods, which provide various choices of NPs in 
terms of size and shape [19]. The aggregation of NPs is required for signal 
enhancement to a certain extent due to the larger scattering cross section. Meanwhile, 
SERS hot spots’ generation also depends on the aggregation of NPs. However, the 
SERS detection by using NPs in suspensions faces challenges because the 
aggregation of NPs leads to poor EF reproducibility of the systems. 
 
As an improvement, another approach to realize SERS is to immobilize metallic NPs 
on a solid substrate. Among the attempts to fabricate this type of SERS system with 
solid support, the most widely used method is self-assembly technique. It was first 
reported by Natan et al. in 1995 to synthesize metal NPs by self-assembly method and 
immobilize the NPs on polymer-coated solid substrates for SERS detection [20]. 
Based on the initial exploration, more research has been done to tune the optical 
properties of the self-assembled surface structures, leading to several benefits in 
terms of large EF and good reproducibility [21, 22]. Taking advantage of the chemical 
affinity of sulfur, nitrogen, or oxygen for Au and Ag surfaces, researchers prepared 
self-assembled Au and Ag NP arrays and characterized their SERS performance [23, 
24]. To reduce the cost and simplify the fabrication, organization processes based on 
Langmuir-Blodgett films were presented [25]. To investigate the influence of the 
number of metallic NPs on the SERS, Au NP arrays were fabricated via the self-
organization of the Au colloid on an amino-functionalized surface [26]. The self-
assembly method is usually used to form monolayer nanoparticles, while this 
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technique can be further used to fabricate multi-layer structures. J. Huskens et al. 
demonstrated multi-layered metal NPs systems by adding “linker”, which was the 
solution to bifunctional ligand, among layers [27]. Using the self-assembled metal 
NPs as “seeds”, Y. L. Jin et al. illustrated that the further chemically growth of those 
metal NPs had a significant effect on SERS enhancement efficiency [28]. 
 
Laser fabrication is an alternative method to decorate metallic NPs on the substrates. 
The preparation of large-area metallic NPs’ layers for SERS detection is easy and 
often in one step by laser means. A uniform distribution of Ag NPs was achieved via 
the reduction of Ag cations on a flat Si surface using HF [29]. The size of the NPs 
was controlled by the reaction time. The structured Ag surface was demonstrated for 
SERS detection by characterizing the dye molecules [30]. Femtosecond laser 
processing based on the laser-induced photo reduction effect was also applied to the 
one step fabrication of Ag NPs [31].  
 
Besides the NPs system for SERS, surface metallic nanostructures fabricated by the 
template assisted processing is also widely used. These methods enable to improve 
the reproducibility of the SERS substrates and promote the possibility for large-scale 
production. One simple strategy is the evaporation or plating of metals, such as Ag or 
Au, onto a patterned surface. One of the most commonly used templates is the self-
assembled close-packed polystyrene. The coating of these template structures with Ag 
or Au film leads to one prominent type of SERS substrates, known as film over 
nanosphere (FON) substrates [32]. Additionally, the template close-packed 
polystyrene can be removed, leading to another fabrication approach, called 
nanosphere lithography (NSL) [33]. It is a cost-effective lithography method to 
fabricate periodic metallic nanostructures. However, the patterns of nanostructures are 
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limited to nanotriangles or nanopores in this case. Another commonly used templates 
are nanopore arrays formed by anodic aluminum oxide (AAO) [34]. The electroless 
deposition of Au using alumina templates results in hexagonally arranged Au NPs. In 
this case, the geometrical features, such as the size of NPs, the inter-particle distance 
and the thickness of the wall are highly tunable.  
 
In current studies of SERS substrates, advanced fabrication methods including 
electron beam lithography (EBL) and focus ion beam (FIB) lithography are widely 
used. These techniques permit the accurate control of the morphology of the 
nanostructures and the high reproducibility of the substrates. EBL is one prominent 
top-down technique to fabricate the SERS substrates. By using EBL, various types of 
ordered nanostructures, such as nanotriangles and nanodisks, were fabricated [35-38]. 
The advantage of electron-beam lithography is the precise control of shape and size 
of the surface nanostructures, which highly increase the reproducibility of the SERS 
substrates. The geometry features, including the inter-particle distance of 
nanostructures, can be well controlled to investigate their influence on the SERS 
performance. The fabrication feature size can be down to tens of nanometers, which 
pushes the detection limit of SERS substrates to single molecule level [39]. 
Furthermore, the flexibility in designs of shape and size provides opportunities to 
study more SERS properties of the substrates, e.g. the SERS performances at 
different incident polarizations. However, EBL and FIB lithography methods are 
often used for research rather than industrial applications due to their high cost and 
time-consuming fabrication processes. 
 
Another point worth mentioning is that researchers see a trend for SERS substrates, 
which are developed from 2-dimensional (2D) to 3-dimensional (3D) [40]. By fully 
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using the additional surface area brought by 3D metallic nanostructures, 3D SERS 
substrates exhibit high potential to improve the sensitivity of the SERS systems [40-
42]. The development in advanced lithography methods provide the possibility to 
create more versatile surface structures in terms of size and shape for SERS 
applications. The 3D configuration of substrates can promote stronger coupling of the 
plasmonic nanostructures and greatly improve the electromagnetic enhancement. 
 
One good attempt to further explore the capability of 3D SERS substrates is to 
increase the aspect ratio of surface structures. It leads to ultra-large surface area of the 
nanostructures, which promotes more possibilities for high density hot spots’ 
generation and probing molecules’ adsorption. Silicon nanowires (SiNWs) are good 
candidates as the solid support of SERS system [43]. S. T. Lee et al. presented a few 
SERS systems based on SiNWs with noble metal NPs’ decoration [44, 45]. The NPs 
decorated SiNWs exhibited much larger sensing area compared to conventional 2D 
SERS substrates. These substrates showed excellent enhancement in the detection of 
the analyte molecules at low concentrations. However, in these studies, the surface 
structures were not in well-ordered arrangement, which might influence the 
uniformity of the SERS signals over the substrates. 
 
Besides the studies to improve the SERS performance of the substrates by surface 
patterning, enhanced Raman spectroscopy by using small size of scanning probe has 
been demonstrated as well [46]. When the Raman spectroscopy is associated with a 
near-field scanning optical microscope (NSOM), high-resolution Raman imaging can 
be achieved. It creates a new branch of research, known as tip-enhanced Raman 
spectroscopy (TERS) that arouses widespread concern [47]. This technique can 
greatly improve the electromagnetic enhancement for SERS and greatly improve the 
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Raman scattering signals, especially at single-molecule levels. However, the 
throughput of this approach is also limited.  
 
1.3 Challenges for current SERS research 
Despite the continuous research and great achievements in SERS detection in last 
decades, challenges remain for SERS, especially for its practical applications. 
 
Firstly, there is still a need for a cost-effective and high-speed method to fabricate 
large area SERS substrates with high EFs. Chemical methods can rapidly and easily 
fabricate nanostructures on the substrate, but the sample area is usually limited. 
Advanced fabrication techniques, such as EBL and FIB, used for SERS face 
challenges in the throughput for large area (cm2) fabrication [48]. New approaches 
need to be developed to address this issue. 
 
Secondly, the vertical dimension of surface nanostructures should be explored to 
enhance the intensity of SERS signals. By developing the SERS substrates from 2D 
to 3D, the aspect ratio and surface area of the nanostructures play a vital role to 
improve the EF of the SERS substrates. To fully develop the advantages of the 3D 
nanostructures and to optimize their vertical dimension for SERS remain as an 
intriguing topic for the research. 
 
Thirdly, the reproducibility and signal uniformity of 2D and 3D SERS substrates need 
to be improved [44, 45, 49] for industrial applications for SERS detection. To achieve 
a quantitative analysis by SERS, the signal variation in different areas of one sample 
or in different samples should be minimized. It means that the SERS substrates based 
on periodically arranged and uniformly distributed nanostructures are preferred. 
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Furthermore, the fabrication methods need to be more controllable.  
 
1.4 Significance and scope 
The main aim of this study is to design and fabricate 2D and 3D plasmonic 
nanostructures on Si substrates via laser processing for SERS detection applications. 
The study will first explore a cost-effective and high speed method to fabricate 2D 
plasmonic SERS substrates. Then the 3D SERS substrates will be investigated to 
further increase the SERS sensitivity. In previous researches, the influence on SERS 
brought by laterally directional features of nanostructures, such as the size and the 
periodicity, have been widely studied [50-52], while the influence of the aspect ratio 
is seldom investigated. In this thesis, the aspect ratio effect is studied in detail, 
keeping the periodicity of the nanostructures constant. The vertical dimensions of 3D 
SERS substrates will be optimized to enhance the SERS signal intensity, uniformity 
and reproducibility. The results of the present study have high impact on the 
realization of 2D and 3D plasmonic SERS substrates by using laser micro/nano-
processing. It also helps understanding the physics mechanism for SERS, especially 
the relation between the optical reflection of the plasmonic nanostructures and the 
corresponding SERS enhancement. 
 
Experimentally, the nanosecond pulsed laser ablation is possible to fabricate abundant 
NPs deposited on the substrate surface. The high speed processing makes it to be a 
good candidate for cost-effective fabrication of 2D SERS substrates. Meanwhile, the 
studies on highly controllable well-ordered 3D SiNWs as the base for SERS 
substrates would benefit the understanding on the influence of SERS brought by the 
vertical dimension of the nanostructures. It promotes the future design of nanowire-
based or black Si based SERS substrates. The introduced fabrication approaches can 
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be used for new types of plasmonic sensors with good periodicity and large surface 
area as well. 
 
1.5 Organization of thesis 
This thesis is directed towards to the design, fabrication and characterization of 2D 
and 3D plasmonic nanostructures as SERS substrates. 
 
Chapter 2 is a brief description of the fundamental physics of SERS. The origin of 
LSPR based on the metallic NPs is presented. Their function as hot spots for the 
SERS electromagnetic enhancement is discussed. The corresponding numerical 
simulations are also provided for a better understanding of the LSPR and hot spots’ 
generation. Additionally, the definition and calculation of the EF, which is the key 
performance indicator of SERS substrates, are included as well. 
 
Chapter 3 shows the experimental techniques for the fabrication and characterization 
of the SERS substrates. The laser ablation and laser interference lithography for 
2D/3D SERS substrates’ fabrication are introduced. Other sample preparation 
processes, such as metal NPs’ decoration and probing molecules’ adsorption, are also 
presented. Characterization techniques, such as scanning electron microscopy (SEM) 
and Raman spectroscopy, are introduced in detail. A brief introduction of the 
simulation method is also provided.  
 
In Chapter 4, the hybrid micro/nano-structuring of Si surface by laser ablation is 
introduced for SERS detection. This chapter describes how fiber laser ablation and 
metal thin film deposition provide a rapid and simple two-step approach to fabricate 
large-area (cm2) 2D SERS substrates. The laser ablation synthesizes abundant NPs to 
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decorate the Si surface. The NPs with Ag coating exhibit the high density of hot spots 
for SERS. By tuning the laser processing parameters (laser fluence in this study), the 
SERS performance of the substrate is optimized. This rapid fabrication approach with 
high controllability can provide huge potential for practical applications of Si based 
SERS substrates. The research work presented in this chapter has been published in 
Scientific Reports. 
 
Chapter 5 explains how SiNW arrays are fabricated by combining laser interference 
lithography and metal assisted chemical etching. The optical reflection of the SiNW 
arrays is investigated. With Ag film coating, such SiNWs are applied to SERS 
detection. Different methods to decorate Ag NPs, instead of Ag film over the SiNWs, 
have been investigated for better SERS performance. The research work presented in 
this chapter has been published in Light Science & Applications and Proc. SPIE, 
Plasmonics. 
 
In Chapter 6, the aspect ratio effect of Ag NPs decorated SiNWs substrates is 
investigated. By increasing the etching time up to 10 minutes, the aspect ratio of the 
nanowires can be as large as 50: 1. It is observed that the aspect ratio of the SiNWs is 
not always the larger the better. The high aspect ratio leads to large surface area for 
metal NPs’ decoration, which increases the hot spots for SERS enhancement.  
However, high aspect ratio also results in anti-reflection effect, leading to poor SERS 
signal collection efficiency. Therefore, an optimization is required for the 3D 
nanowire SERS substrate design. The optimal aspect ratio (~ 5: 1) for SiNWs is 
obtained for SERS detection. The research work presented in this chapter has been 




Chapter 7 gives a summary of the research contributions and proposes the future 





Chapter 2 Electromagnetic Enhancement 
Theory for SERS Detection 
 
In this chapter, the surface enhancement Raman scattering (SERS) enhancement 
mechanism is discussed in detail. As described in Chapter 1, both electromagnetic 
mechanism and chemical mechanism play roles in the overall enhancement factors 
(EFs), while the former is predominantly responsible for the Raman signal 
enhancement. In this study, the discussion is limited to the electromagnetic 
enhancement which can be manipulated by the geometrical design of the surface 
metallic nanostructures. It should be noted that, in a SERS detection system, the 
electromagnetic enhancement can be applied regardless of the type of probing 
molecules, which cannot be achieved by chemical enhancement. This chapter will be 
divided into the following sections: the introduction of localized surface plasmon 
resonance (LSPR), the electromagnetic enhancement based on the hot spots and the 
definition of the EF.  
 
2.1 Localized Surface Plasmon Resonance 
Conventionally, metals are treated as reflectors in optics and electromagnetic aspect. 
Meanwhile, metals can be treated as plasmas with fixed ion cores and mobile 
electrons [14]. In current research, the major concern focuses on the collective 
oscillation of the conduction electrons of the plasmas, which is known as plasmonics. 
These oscillations are able to couple with optical incident waves, depending on the 
geometry and material properties of metal structures. In this section, the physics 
theory behind plasmas and one particular type of plasmon resonance LSPR will be 
introduced. The excitation of LSPR plays an important role in the hot spots’ 
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generation, which serves as the foundation for the electromagnetic SERS 
enhancement [53]. 
 
2.1.1 Physics on Plasmonics 
Plasmas are the media containing freely mobile charges. Incident light interacts with 
free charges and leads to resonant modes, known as plasmons. For bulk plasmas, 
longitudinal plasma oscillations can be achieved. The plasmon frequency is given by 
[14]: 
    
   
   
 ,                                           (2-1) 
where e is the charge of mobile charge carriers, n the number density of the carriers, 
m the mass of the carriers, and    the permittivity of free space. 
 
Plasmon frequency determines the optical behaviors of plasmons. Incident 
electromagnetic radiation wave with a frequency below    would be reflected due to 
the induced motion in the charge carriers. On the contrary, charges are not quick 
enough to respond and screen out the incident wave with the frequency higher than 
  . As a consequence, the incident electromagnetic radiation is transmitted. 
 
The material relative permittivity    is a complex quantity. The imaginary 
component determines the damping of the incident wave in the materials. To take this 
dissipation into account, the frequency dependent relative permittivity       is 
introduced referring to the classical Drude model [14, 15]: 
     
   
      
 ,                                      (2-2) 
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where   is the relaxation frequency, also known as characteristic collision frequency 
[14]. In this case, the real and imaginary components of the complex quantity 
                   are given by: 
      
     
      
 ,                                       (2-3) 
   
    
         
 ,                                         (2-4) 
where    
 
.   is known as the relaxation time of electron gas. At a room temperature, 
  is typically on the order of 10-14, which corresponds to a   on the order of 100 
Terahertz. For metal materials, it remains metallic character when     . When   
is close to    or even larger than   , the product     , leading to negligible    
and thus the damping could be ignored. Therefore,    is a significant property for 
plasmonic materials. Ionosphere as a plasma shows the plasma frequency in MHz 
range, which can be treated as a reflector for radio frequency wave. Noble metals, e.g. 
Au and Ag, reflect their plasma frequencies in the ultra-violet (UV) and visible range, 
leading to the reflector property in visible spectrum [15]. For this reason, noble 
metals are usually used as the platform for SERS working in the visible wavelength 
range. 
 
According to the longitudinal nature of the oscillation and transverse feature of 
electromagnetic field of light, bulk plasmons are hard to be excited by incident light. 
However, structured metals with changed nature of plasmonic response enable 
associated plasmon modes to be coupled with incident light [54]. Consequently, 





2.1.2 Excitation of LSPR 
For simplicity, a polarizable sphere in a homogeneous external electric field is 
investigated, with which one could develop the discussion from basic bulk plasmas to 
particle plasmons. The surrounding medium is isotropic and non-absorbing with 
dielectric constant   . The radius r of the sphere is much smaller than the wavelength 
of the incident light. The incident electromagnetic field oscillation of light interacts 
with the mobile electrons and the sphere is polarized by a uniform and static external 
electric field (  ). Dipole moments are induced within the sphere due to the 
polarization (P) [16, 56]. In this case, the magnitude of the induced field (       ) 
within the sphere is given by: 
         
 
   
 ,                                         (2-5) 
where P is the polarization. It can be considered as the sum of the dipole moments per 
unit volume, given by: 
          
 
         
(  ⁄ )  
  ,                                (2-6) 
where V is the volume of the metal sphere, r the radius of the sphere, and          the 
induced dipole moment, which is given by: 
             ,                                     (2-7) 
When r is much smaller than the incident wavelength, the polarizability   of the 
particle can be expressed as [15, 16, 55]: 
           
      
 ,                                  (2-8) 
where    is the relative permittivity of the surrounding dielectric. Since    varies 
with the incident frequency, the optical response depends on the frequency as well. It 
is easy to find the stronger response when polarizability   becomes larger, which 
requires the condition          at the strongest point. This also implies that the 
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local environmental condition accounts for the position of the resonance. In this 
scenario, the resonance condition requires the electromagnetic field being confined to 
a small volume around the structure [56]. Localized modes, as a consequence, are 
associated with the geometry features, including size and shape, of the metallic 
particles.  
 
LSPR is one type of fundamental excitation of plasmonics. In contrast to surface 
plasmon polaritons (SPPs), which propagate along the metal-dielectric or metal-air 
interface [57, 58], localized surface plasmons are one kind of non-propagating 
excitations. The conduction electrons of nano-structured metal are coupled to the 
incident electromagnetic field. The curved surface of the nanoparticle induces an 
effective restoring force on the driven electrons [59]. It leads to a resonance, which 
corresponds to an amplification of the electromagnetic field on the surface of the 
metallic particles. Figure 2.1 illustrates the excitation of LSPR with a linear polarized 




Figure 2.1 The illustration of the localized surface plasmon [57]. 
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A wide variety of nanostructures support the excitation of LSPR. The resonance 
frequency of LSRP for a metallic nanoparticle (NP) is highly dependent on its size 
and geometry. In tens of nanometers range, the larger size of the NP, the lower 
frequency will be at the resonance peak, which corresponds to a longer wavelength 
[16]. Considering the dispersion quality of the optical wave, the shift in the frequency 
of LSPR also implies a different degree of damping for the resonance [14]. 
Meanwhile, the larger particle size leads to the increase of photon absorption and 
scattering, which results in a stronger optical extinction. 
 
2.2 Electromagnetic enhancement of SERS 
In this section, the electromagnetic enhancement mechanism for SERS is introduced 
in detail. LSPR can greatly localize and amplify the electromagnetic field near the 
metal nanostructures. It plays a vital role for the electromagnetic enhancement. 
 
Based on equations (2-5), (2-6) and (2-7) presented in last section, the LSPR induced 
field can be expressed as [16]: 
 𝑖𝑛𝑑𝑢𝑐𝑒𝑑  
     
      
𝐸                                   (2-9) 
It can be seen that the induced filed  𝑖𝑛𝑑𝑢𝑐𝑒𝑑 is determined by the original field 𝐸 , 
and the dielectric constant of the metal sphere and the environment. At the resonant 
condition         , the  𝑖𝑛𝑑𝑢𝑐𝑒𝑑 is maximized. 
 
In a normal Raman detection case, the field is determined by 𝐸 . For SERS detection, 
the field is determined by 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑. When the incident light illuminates a single metal 
sphere SERS system, LSPR can be excited. At the first stage, the LSPR magnifies the 
incident light, leading to the first-time field enhancement. Based on equation (2-9), 
the enhanced field    is given by: 
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           t    
           t     
   ,                                 (2-10) 
It should be noted that the dielectric constant of the metal sphere    is frequency 
dependent. The enhanced Raman scattering of photons takes place only within the 
field-enhanced volume at the near site of metal structure. 
 
Furthermore, the scattered light field is also amplified by the same mechanism. The 
scattered field  𝐸  can be expressed by: 
   
   𝜔𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑    
   𝜔𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑     
𝐸  ,                            (2-11) 
For Raman scattering, the scattered light exhibits a frequency shift from the incident 
light. Therefore, the magnification for the second-time field enchantment will be 
different from the first time. The overall enhancement of the signal intensity is given 
by:  
 F  [    𝜔𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡    
   𝜔𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡     
]
 
[    𝜔𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑    
   𝜔𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑     
]
 
,         (2-12) 
Squares are used in both factors because the electromagnetic SERS enhancement can 
be considered as a two-step process: magnification of the incident light intensity and 
the magnification of the Raman signal intensity [16]. It can be seen that EF is 
significantly amplified when   [    𝑖𝑛𝑐𝑖𝑑𝑒𝑛  ] ≈      and   [     𝑐   𝑒 𝑒𝑑 ]  ≈
    . It also requires  𝑖𝑛𝑐𝑖𝑑𝑒𝑛 ≈   𝑐   𝑒 𝑒𝑑 . The small imaginary part of the 
dielectric constant, which corresponds to the absorption of the metal particle, is 
required for obtaining higher EF as well [60]. Based on the above equation, to 
achieve a high EF, the frequency of the incident light should match the frequency of 
LSPR of the metal nanostructures. Meanwhile, the wavelength of the Raman scatted 




For simplicity, the 𝐸  and 𝐸  are normally considered as the same, when  𝑖𝑛𝑐𝑖𝑑𝑒𝑛  is 
close to   𝑐   𝑒 𝑒𝑑. In this case, one can assume the local field 𝐸  and 𝐸  are equal to 
𝐸 . Based on equation (2-12), it can be seen that the SERS enhancement is 
proportional to |𝐸| , which is often deemed as the relationship between local field 
enhancement and the corresponding SERS signal magnification. 
 
One should note that, in a general case, the           differs from           and thus 
the magnification is actually determined by a product of the extinctions at incident 
light wavelength and Raman scattering wavelength. Nishijima et al. investigated the 
relation of the SERS enhancement as a function of the extinction product in both 
simulation and experiment [61]. For small nanoparticles (r << excitation wavelength), 
a linear growth of SERS enhancement as a product of extinctions at incident 
frequency and Raman scattering (Stokes) frequency are expected. Typically, the 
extinction ratio grows as the LSPR frequency moves towards the incident and Raman 
scattering frequencies, while the SERS signal intensity is greatly amplified as well. 
 
2.2.1 Hot spots’ generation for SERS 
A hot spot is defined as an area or a volume with enormous amplification of the local 
electromagnetic field [62]. Excellent SERS performance can be expected by locating 
the analyte molecules within a hot spot region. Therefore, it is very important to 
prepare metal substrates providing of hot spots with both high density and significant 
field enhancement. 
 
Hot spots can be created by metal nanostructures, which are closely located with each 
other. In subwavelength localization, such hot spots with intense field can provide 
extraordinary SERS enhancements, which is proportional to |E|4 as described in last 
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section. When two or more metal NPs are close enough, the electromagnetic field 
within the inter-particle gaps can be further enhanced than that for a single NP. Figure 
2.2 shows the real part of E-field of an Ag sphere monomer at a diameter of 100 nm 
compared to an Ag dimer with 50 nm inter-particle gap at their LSPRs. It can be seen 
that the local field in the gap of the dimer exhibits a huge magnification. Considering 
that both the incident light and the Raman scattered light can be enhanced by the local 
field at resonance, the overall EF can be greatly enlarged.  
 
Figure 2.2 The local field enhancement of Ag sphere monomer 
(radius: 100 nm) and Ag dimer (radius: 100 nm; inter-particle gap: 50 





Typically, the smaller inter-particle gap gives rise to a stronger local field for a hot 
spot. Figure 2.3 shows the enhanced E-field at the 532nm by gradually decreasing the 
inter-particle gap of an Ag dimer from 50 nm to 10 nm. 532 nm is a wavelength 
usually carried out for SERS detection in the visible spectrum. It is also the excitation 
wavelength chosen in the experimental part of this study. 
 
Figure 2.3 The maximum localized E-fields observed in the hot spots 
of Ag dimers with different inter-particle gaps at 532 nm 
 
Many theoretical studies have been performed to investigate the hot spots formed by 
the interaction of light and metallic nanostructures [17]. Since the hot spots are 
determined by LSPR, the corresponding field enhancement for the metallic 
nanostructures is strongly dependent on their sizes, shapes and separations. The 
dielectric properties of the metal material and the surrounding environment also 
influence the hot spots’ generation [17]. Furthermore, with asymmetric configuration, 
the metallic nanostructures can exhibit various capabilities in LSPR excitation and 




Based on the theoretical explorations, various SERS substrates with abundant nano-
gaps and nano-corners are designed and fabricated to improve the enhancement for 
SERS. The major concern is how to wisely locate the nanoparticles/nanostructures for 
better field confinement of the hot spots as the SERS detection volume. It is also 
important to create high-density of hot spots over the substrates to realize better 
average signals. 
 
2.3 Enhancement factor 
EF is a key performance indicator of a SERS substrate. It is especially important for 
practical applications where the major concern is to know the magnitude of the EF 
that can be achieved. For many SERS applications and experiments, the detailed 
distribution of the single molecule EF on the substrate, or the maximum value of EF, 
is irrelevant because the characterizations are mainly dealing with average SERS 
signals [63]. In this case, it is important to define the average SERS EF for a substrate, 
which can be used to compare the signal magnifications across different SERS 
substrates. Most current studies of SERS EFs focus on this aspect. 
 
Typically, the definition for the average SERS EF in experiment is determined by the 
observed signal intensities, given by [16]:  
 F            ⁄
 𝑟𝑒𝑓  𝑟𝑒𝑓⁄
 ,                                     (2-13) 
Where       and   𝑒𝑓 are the SERS and normal Raman signal intensities measured in 
the presence and absence of the SERS substrate, respectively.       and   𝑒𝑓 are the 
numbers of the probing molecules for Raman scattering in SERS and normal Raman 
cases, respectively. It is difficult to precisely calculate the EF due to ambiguities in 
experiments. Some estimations are needed to determine       and   𝑒𝑓 . For a 
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suspension SERS or normal Raman system,       and   𝑒𝑓  are determined by the 
concentration of molecules and the estimated laser focusing volume in the solution or 
suspension. However, for a SERS substrate, the number of probing molecules is hard 
to be determined by the concentration. Dye molecules, which can form monolayer on 
the metal surface, are usually chosen for experiments. In this case, the number of 
molecules can be calculated from the size of molecules, surface area of metal 
structures and the excitation laser spot size. 
 
Another point worth mentioning is the detection of   𝑒𝑓. Since the normal Raman 
signal intensity is intrinsically weak, the   𝑒𝑓  measurement usually requires much 
higher laser power and longer accumulation time compared to      . The Intensity for 
SERS and normal Raman should be normalized with the same excitation power and 
accumulation time for the calculation of EF. Furthermore, the same instrument for 
measuring both the SERS and the normal Raman scattering is strongly recommended. 
Otherwise, the collection efficiency of different SERS detection systems should be 





Chapter 3 Methodology 
 
In this chapter, the experimental procedures carried out in the present study will be 
described in detail. This chapter is divided into four main parts. Firstly, the 2-
dimensional (2D) SERS substrate fabrication section introduces the laser ablation and 
electron beam (E-beam) evaporation. Secondly, the 3-dimensional (3D) SERS 
substrate fabrication includes the laser interference lithography (LIL) and metal 
assisted chemical etching process. Thirdly, in the characterization part, scanning 
electron microscope (SEM), transmission electron microscope (TEM), ultraviolet 
(UV)-visible spectroscope and Raman spectroscope will be discussed. Lastly, the 
numerical simulation section briefly introduces the finite difference time domain 
(FDTD) method (Lumerical software). 
 
3.1 2D micro/nano-structuring of SERS substrates 
 
Figure 3.1 The fabrication process of 2D hybrid micro/nano-
structured SERS substrates. 
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Laser ablation plays an important role in the fabrication of the 2D hybrid micro/nano-
structured SERS substrates, which are introduced in Chapter 4. In general, the 
fabrication process is separated into two main steps: (1) fiber laser ablation of Si 
substrates, (2) Ag thin film deposition on the sample surface. Figure 3.1 shows the 
fabrication processes. It is simple and rapid two-step approach to produce SERS 
substrates in large area.   
 
3.1.1 Laser ablation 
Laser ablation is considered as a mass removal process by coupling the energy of a 
laser beam to a target material. Usually, it refers to removing material with a pulsed 
laser, while it is also possible to use a continuous wave (CW) laser when the laser 
fluence is high enough. 
 
For most target materials, the removal is by the vaporization of the bulk material due 
to heat. The resulting plasma plume consists of molecular fragments, free electrons 
and ions, and other chemical reaction products [1]. The ablation site is usually cleared 
by an inert gas at a high pressure. Ablation depth is important for the surface 
morphology after the texturing. It is determined by the heat of vaporization of the 
target materials. The depth is also a function of laser processing parameters including 
beam energy density, the laser pulse duration, and the laser wavelength. By changing 
the laser processing parameters, it is possible to flexibly tune the morphology and of 
the sample surfaces. 
 
Laser ablation is also carried out for the synthesis of nanoparticles (NPs). 
Nanoparticles are produced during the condensation of a plasma plume, which is 
formed by the laser ablation of a bulk material. It is considered as an alternative to 
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traditional chemical reduction methods to fabricate noble metal nanoparticles. 
However, this method has some limitations in the precise control of the size of metal 
NPs [2]. 
 
In this study, nanosecond pulsed laser ablation is used to fabricate 2D hybrid 
micro/nano-structures over Si surface. Figure 3.2 shows the schematic of the laser 
ablation setup. It consists of Nd:YAG laser source at a wavelength of 1064 nm, the 
corresponding optics for light path and focusing, and a translation stage. The 
translation stage is used for flexible patterning on Si substrates. This function can also 
be achieved by using laser galvo-scanner. 
 
Figure 3.2 Schematic of laser ablation system for 2D hybrid 
micro/nanostructures fabrication. 
 
The laser processing parameters can be flexibly tuned. The laser pulse duration (τ) 
(full width at half maximum, FWHM) of the system can be set as 1, 5 and 10 ns, 
pulse repetition rate (PRR) ranges from 10 to 600 kHz. The maximum average laser 
power is 18 W. The laser processing speed (ν) can be larger than 100 mm/s. The 
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nanosecond pulsed laser ablation can flexibly create micro-patterns along the ablation 
path and, at the same time, synthesize NPs deposited on the Si surface. 
 
3.1.2 Electron beam evaporation 
E-beam evaporation is a technique employed to deposit metal films on the patterned 
substrates. The metal thin film coating can make the substrates as excellent 
candidates for SERS detection. The principle of the E-beam evaporation is to use an 
electron beam to heat the metal target for deposition in a vacuum environment [3]. A 
controlled deposition of thin films (a few nm thick) can be achieved [4]. Both metals 
(e.g. Au, Ag and Ti) and dielectric (e.g. SiO2) targets can be deposited by the E-beam 
evaporator.  
 
Figure 3.3 shows the schematic of an E-beam evaporator. The chamber needs to meet 
a high vacuum level before process. A filament inside the electron beam gun is heated 
to high temperature for electron emission. The electrons are deflected and accelerated 
to strike the target material under a magnetic field. When striking the evaporation 
target, the electrons will rapidly lose their energy. The kinetic energy of the electrons 
is converted into other forms of energy during the interactions. The thermal energy is 
produced to heat up and melt the material. When the temperature of the materials is 
high enough, vapor will be generated from the melt or solid. In this case, the target 
materials are vaporized and deposited on the sample substrates to form a thin film.  
 
The main advantage of E-beam evaporation is the efficient deposition of pure 
evaporated material to the substrate. A crystal thinness meter is usually used for the 
real-time monitoring of the film thickness during deposition. The deposition rate can 
be flexibly tuned from 1 nm per minute up to as few micrometers per minute, 
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depending on the material and the electron energy. The material utilization efficiency 
for E-beam evaporation is high and it permits the structural and morphological 
manipulation of films by controlling the deposition rate. Additionally, E-beam 
evaporation exhibits good coating uniformity. 
 
 
Figure 3.3 The schematic of the electron beam evaporator. 
 
In this study, different thicknesses of Ag films are deposited on the patterned Si 
substrates by a Denton Explorer E-beam Evaporation System. The Si substrates are 
first fixed to a holder located in a load lock chamber, which is then pumped to 10-4 
Torr. Then the samples are transferred to the main chamber for the Ag film coating by 
a robotic arm. This process allows the main chamber to maintain a high vacuum, 
which increases the processing speed and prevents contaminations. For the Ag 
deposition in the main chamber, the pressure of is pumped below 5.5×10-6 Torr. To 
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ensure a good surface quality of the film, a coating rate at 0.05 nm/s is used in this 
study. 
 
3.2 Fabrication of 3D SiNW SERS substrates 
 
Figure 3.4 The fabrication process for 3D periodical SiNWs. 
 
LIL and metal-assisted chemical etching are the key steps to fabricate 3D periodical 
nanostructures with high aspect ratios. The fabrication process includes the following 
steps: (1) spin-coating a layer of photoresist on the cleaned Si substrate, (2) exposing 
the photoresist with laser interference lithography and developing the patterned 
photoresist, (3) reactive ion etching (RIE) to remove the resident photoresist in the 
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exposed area, (4) depositing metal thin film on the patterned photoresist, (5) metal 
assisted chemical etching, and (6) removing the resident photoresist and metal by 
acetone and gold etchant. Figure 3.4 illustrates the fabrication process for the 
fabrication of the SiNW array. 
 
The patterned substrates are then coated with Ag film or decorated with Ag NPs for 
SERS detection. The Ag thin film deposition is realized by E-beam evaporation, 
while the metallic NPs’ decoration is achieved by either thermal annealing or redox 
reaction as shown in Fig. 3.5. In the following sections, several critical fabrication 
steps will be introduced respectively. 
 
Figure 3.5 Different approaches to make the SiNW array SERS active. 
 
3.2.1 Sample cleaning 
The objective of sample cleaning is to remove dust particles, debris and oxide layer 
from the Si substrate, providing a clean surface for both the photoresist coating and 
metal-assisted chemical etching processes. A clean sample surface is crucial for the 
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spin-coating photoresist. It determines the homogeneity of the photoresist and thus 
influences the uniformity of the patterned nanostructures. To remove the dust and 
debris, the substrates are cleaned by using acetone, isopropyl alcohol (IPA) and de-
ionized (DI) water in an ultrasonic bath for 30 minutes in sequence and dried by 
blowing with pure nitrogen. Then the substrates are immerged into HF solution for 15 
minutes to remove the oxide layer. Finally, the substrates are cleaned by DI water and 
dried. 
 
3.2.2 Photoresist coating 
Photoresist coating is the process to uniformly cover a substrate with a film of light 
sensitive substance. Typically, the function of the photoresist is to generate a pattern 
precisely under the illumination of light for pattern transfer. In this experiment, 
positive photoresist S1805 and the corresponding developer MF-319s are used. For 
positive photoresist, the exposed area can be removed by the developer, while for 
negative photoresist, the exposed area is maintained. 
 
In this study, the photoresist coating process consists of three main steps: (1) 
Hexamethyldisilazane (HMDS) coating to improve the adhesion of photoresist to the 
substrate; (2) slow spin coating (2000 rpm) for 3 s and fast spin coating (5000 rpm) 
for 30 s for a uniform photoresist layer; and (3) 90℃ soft baking for 15 minutes in an 
oven to further increase the adhesion and also to remove solvents. 
 
3.2.3 Laser interference lithography 
The principle of LIL is to use the interference of two coherent laser beams for 
periodic micro/nano-structures’ patterning. Compared to other nanofabrication 
techniques, such as electron beam lithography (EBL) or focused ion beam (FIB) 
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lithography, the advantages of LIL are low-cost, high-speed and high-throughput in 
large area [5]. In this study, a Lloyd’s mirror setup (see Fig. 3.6(a)) is applied to 
generate interference patterns on the photoresist. The interference patterns are 
determined by the light intensity distribution as shown in Fig. 3.6(b). The period of 
the interference pattern is given by [6]: 
p  𝜆
  𝑖𝑛𝜃
 ,                                          (3-1) 
where λ is the wavelength of the incident light, θ the tuning angle of the Lloyd’s 
mirror as shown in Fig. 3.6(a). A smaller λ and a larger θ can result in the decrease of 
p. Compared to other interferometers, Lloyd mirror setup exhibits advantages, 
including the fast alignment and easily adjustable pattern period. 
 
Figure 3.6 a) The Lloyd mirror configuration of a LIL setup and b) 





In this study, a continuous wave (CW) Helium-Cadmium (He-Cd) laser with an 
average output power of 40 mW is used as the LIL light source. The laser beam is 
expanded by a pin hole to generate a coherent beam with a diameter of 8 cm at the 
Lloyd’s mirror interferometer. The Lloyd’s mirror interferometer consists of an 
aluminum mirror (5 cm × 5 cm) with a high reflectivity (> 92%) for 325 nm, which 
corresponds to the He-Cd laser. It is mounted perpendicular to the sample holder to 
provide the coherent reflected light to form the interference pattern. By changing the 
angle of the rotation stage, the periodicity of the pattern can be easily tuned from 500 
nm to 1.5 μm. Figure 3.7 illustrates the experimental setup of the LIL system [7]. 
 
Figure 3.7 The LIL setup used for exposure. 
 
One time exposure by LIL can form grating pattern on the photoresist, while double 
exposure is applied to form periodic nanodisk/nanohole arrays by rotating the sample 
at 90° before the second exposure. Appropriate exposure time is required to form 
good photoresist pattern. Figure 3.8 a) and b) show the positive and negative 




Figure 3.8 SEM images of a) positive photoresist (S1805) and b) 
negative photoresist (N1407) patterns after the double LIL exposure 
and developing, respectively. 
 
 
In this study, the positive photoresist S1805 is exposed by LIL at the incident angle θ 
of 18° for around 100 s with double exposure. Then the substrates are immerged into 
the developer MF-319s for 16 s to remove the exposed photoresist. Finally, the 
samples are rinsed with DI water followed by drying with nitrogen. 
 
3.2.4 Reactive-ion etching 
RIE is one practical dry etching process. In this experiment, RIE is used to remove 
the resident positive photoresist in the exposed area after developing [8]. It is an 
important preparation step for the following metal assisted chemical etching process, 
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which requires a direct contact of the metal and the Si surface. Without the RIE 
process, the resident photoresist prevents the etching at the metal-Si interface. 
 
In a typical RIE system, plasma is used to ionize reactive gases and accelerate ions to 
bombard the sample surface [9]. It includes the following steps: (1) Reactant gas 
mixture flows into vacuum; (2) Reactive species generated by plasma are adsorbed 
and diffused over the sample surface; (3) Anisotropic and selective chemical reactions 
occur and the reaction products leave the surface by desorption. The applications of 
RIE include the etching for various thin layers on dielectric substrates, the removal of 
photoresists, and surface cleaning. 
 
In this research, Oxford Plasma 80 RIE system is used. The system allows vertical 
etch profiles and repeatable etch results from run to run. It provides the process gases 
including CHF3, CF4, SF6, O2 and Ar. The process base pressure is below 5 ×    5 
Torr. To remove the resident exposed photoresist in this study, oxygen plasma (O2 
flow at 20 sccm) is applied. The forward power is set as 100 W and the pressure is 
100 mTorr. A short etching time (12 s) is applied to thoroughly remove the resident 
photoresist in the exposed area. It should be noted that longer etching time > 20 s 
should be prevented since the photoresist in the unexposed area are also removed 
during RIE process. 
 
3.2.5 Metal assisted chemical etching 
The metal assisted chemical etching was first demonstrated in 1997. Porous Si was 
fabricated by using aluminum (Al) layer as the catalyst over Si substrate in a solution 
composed of HF, HNO3, and H2O. [10] The technique was then investigated in details 
by Li and Bohn [11]. Different types of noble metal (e.g., Au, Pt) and even alloy (e.g. 
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Au/Pd alloy) were coated on the Si surface to catalyze the etching of Si in a mixed 
solution of HF, H2O2 and ethanol, leading to the straight nanopores or nanocolumnar 
structures. [11] 
 
In a typical metal assisted chemical etching procedure, a Si substrate is partly covered 
by noble metal films. It is then immerged into an etchant solution composed of HF 
and an oxidative agent. The noble metal is employed as the catalyst for Si etching. 
Typically, the etching rate at the Si-metal interface is much faster than the Si surface 
without noble metal coverage. As a result, the noble metal sinks into the Si substrate, 
leading to the formation of Si wires [12]. The geometries of the Si structures are 
determined by the initial morphology of the noble metal coverage. 
 
In this study, Ag or Au is used as the metal coverage for etching. The etchant solution 
is a mixture of H2O2, HF and H2O. The concentrations of HF and H2O2 were 4.6 and 




𝐻 𝑂  6𝐻𝐹 → 𝑛𝐻 𝑂  𝐻 𝑆𝑖𝐹6  
  𝑛
 
𝐻 ↑       (3-2) 
At the Si-Au or Si-Ag interface, it exhibits a high etching rate (~ 500 nm/s) with the 
given etching solution. However, at the Si-photoresist interface, there is no significant 
etching observed. Therefore, by changing the metal assisted chemical etching time, 
various heights of SiNWs can be fabricated. Meanwhile, the etching rate of the Si by 
HF and H2O2 solution can be controlled by changing the concentration of either HF or 
H2O2. It is found that the etching rate reached a maximum when  





3.2.6 Thermal annealing 
Thermal annealing is one of the techniques used for NPs’ decoration. It is a 
straightforward method to pattern isolated metal islands or metallic NPs from a 
continuous film by dewetting of the thin films at elevated annealing temperatures. 
The heating process provides the thermal energy to form the agglomeration of the 
metal films [14]. Different dewetting parameters, including annealing ambient, 
temperature and time, lead to different size distributions of metallic NPs [15]. 
 
In this study, a 40 nm Ag thin film is first deposited on the patterned Si substrate by 
E-beam evaporation. Then the thermal annealing is carried out in a room environment 
by a high-temperature baker at a temperature of 300 °C for 1 hours. It can form Ag 
NPs at the diameters of a few hundred nanometers. It should be noted that, the 
thermal annealing of Ag in air ambient results in the oxidation of Ag. 
 
3.2.7 Redox reaction for nanoparticles’ decoration 
Another method used for NPs’ decoration is the electroless redox reaction. For the Ag 
NPs deposited on the Si wafer, there is no significant effect from the doping level and 
type. The oxidation of Si influence the electroless redox process [16]. HF is 
introduced into the deposition solution to dissolve the insulative oxide layer and to 
keep the deposition reaction sustainable. The overall chemical reaction is given [17, 
18]: 
S   𝐴𝑔  6𝐻𝐹 →  𝐴𝑔  𝐻 𝑆𝑖𝐹6   𝐻               (3-3) 
The different concentrations of Ag+ and HF in the reaction solution determine the 
morphology of Ag NPs. The longer reaction time also increases the average size of 
the NPs. In this study, to decorate Ag NPs on the SiNW arrays, the substrates were 
dipped into an aqueous deposition solution of 5 M HF and 10 mM AgNO3 for 1 
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minute in the dark and then washed with DI water and ethanol. 
 
3.2.8 Probing molecules’ absorption 
In this study, the SERS substrates are functionalized with 2-naphthylamine or 4-
methylbenzenethiol molecules. The skeletal formulas of these two molecules are 
shown in Fig. 3.9. 2-naphthylamine has significant Raman peak at around 1073 cm-1 
in Raman spectrum, while 4-methylbenzenethiol exhibit Raman peaks at around 1083 
cm-1 and 1602 cm-1. The reason to choose 2-naphthylamine and 4-methylbenzenethiol 
is that they exhibit significant Raman band for observation [19]. Additionally, as these 
molecules do not present any absorption bands matching the laser wavelength (532 
nm) used in this study, the possibility of resonance Raman effects can be ruled out 
from the calculated enhancement factors (EFs). Furthermore, compared to dye 
molecules, such as Rhodamine B and Rhodamine 6G, 2-naphthylamine and 4-
methylbenzenethiol do not emit intense fluorescence signals in the visible spectrum 
with 532 nm laser excitation. The influence brought by the fluorescence is prevented 
as well. Meanwhile, these two types of molecules can form monolayer on the Ag 
surface by the formation of Ag-S or Ag-N bonds. It helps the estimation of the 
number of molecules when calculating the EFs of the SERS substrates.  
 





In experiment, the Ag coated substrates are submerged inside 10 mM 2-
naphthylamine or 4-methylbenzenethiol solution made with ethanol for 8 hours to 
allow the formation of self-assembled monolayer [20]. Then the substrates are rinsed 
in an ethanol solution for 30 seconds and dried by nitrogen. 
 
3.3 Characterization methods 
Different characterization techniques were used in this study, including SEM, TEM, 
Energy-dispersive X-ray spectroscope (EDS), UV-visible spectroscope and Raman 
spectroscope. SEM and TEM are applied to obtain the geometrical information of the 
2D and 3D SERS substrates. EDS is used to measure the element constitution of the 
sample surface. UV-visible spectroscope provides the surface reflection of the 
substrates, which helps the understanding of the SERS performance of the substrates 
with different geometrical features. Raman spectroscope is the main characterization 
tool to detect the Raman signal intensity from the molecules adsorbed on the SERS 
substrates. Introductions of these devices are presented in this section. 
 
3.3.1. Scanning electron microscope and transmission electron 
microscope 
SEM is one most frequently used technique to obtain the surface morphology 
information [18]. It provides a highly magnified view of a surface topology to 
nanoscale. In this experiment, a field emission SEM (FESEM) is used for 
characterization. For a FESEM, an electron cathode is used to generate the electron 
beam. In this case, a filament is placed in a huge electrical potential gradient [19, 20]. 
The field emission source is usually a wire of Tungsten at a sharp point. The small tip 
radius (~100 nm) permits to concentrate an extreme high electric field, which enables 
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the electrons to leave the cathode. The beam is collimated by electromagnetic 
condenser lenses and focused by an objective lens. The beam is then rastered across 
the sample surface by the scanning coils. When the primary electron beam irradiates 
on the sample, the electrons can interact with the specimen and then emit the 
secondary electrons as well as the backscattered electrons for imaging. FESEM can 
produce a clean image with less electrostatic distortion. The spatial resolution can 
reach to 2 nm [21]. Figure 3.10 illustrates the schematic of a typical SEM system. 
 
 
Figure 3.10 Schematic drawing of a scanning electron microscope. 
 
In this study, the FESEM (NOVA nanoSEM 230) is used to characterize the high 
resolution topography images of a sample. The sample is firstly loaded inside the 
chamber and the vacuum pressure is pumped down to 5×10-4 Torr. The accelerating 
voltage is 5 or 10 kV, according to the different conductivity of the substrates. The 





EDX is an analytical technique used for the elemental analysis of a sample. It can be 
realized by the electron beam excitation in a SEM setup. The principle of EDX relies 
on the X-ray emission spectrum of the sample. Each element has a unique atomic 
structure allowing unique set of peaks on its X-ray emission spectrum [22]. To 
stimulate the characteristic X-rays, a high-energy electron beam is focused into the 
sample. When the incident light interacts with an atom, it may excite an electron in 
the inner shell and eject it. Thus an electron hole is created in the inner shell. An 
electron from an outer and higher-energy shell can fills the hole. Consequently, an X-
ray can be formed due to the differential energy release. The number and energy of 
the X-rays emitted from the sample can be measured by an energy-dispersive 
spectrometer (EDS). The energies of X-rays are the characteristic of the differential 
energy between the inner and outer shells. Thus the energies are determined by the 
atomic structure of the element from which they are emitted. Therefore, the signals 
measured by an EDS can reflect the elemental composition of the sample surface. 
 





TEM is an advanced microscopy technique. In this study, it is used to investigate the 
morphology of sub-10 nm nanostructures. Different from SEM, in a TEM setup, an 
electron beam is transmitted through an ultra-thin specimen, as shown in Figure 3.11 
The imaging information is obtained from the interaction of the electrons passed 
through the specimen. The image is then magnified and focused onto an imaging 
device, e.g. a charge-coupled device (CCD) [23]. TEM allows a much higher 
resolution than SEM. In this study, JEOL-JEM 3010 is used to characterize the 
morphology of surface nanostructures, especially the inter-particle gaps. The 
resolution of the setup can be down to 0.2 nm. 
 
The specimen preparation process is required for TEM measurement to make the 
sample less than hundreds of nanometers thick, which allows the partial transmission 
of electrons. To meet the requirement, the original 700 µm thick SERS substrate is 
first cut into small pieces (~2 mm2). Then the substrates are mechanically polished to 
tens of microns. In addition, a further thinning method is applied to the sample 
predation by using ion etching. The ion etching is a sputtering process, which can 
remove very fine quantities of material. In the experiment, Argon is used to pass 
through an electric field to generate a plasma stream. The plasma stream is then 
directed to the sample surface. It is also important to rotate the samples during the ion 
etching to ensure an even polishing of the surface. 
  
3.3.2 UV-Visible spectroscope and Raman spectroscope 
A UV-visible-Near Infrared (NIR) spectroscope is used in this study to characterize 
the optical reflection of the SERS substrates for a better understanding of their SERS 
performance. A basic spectrometer consists of a light source, a focusing lens, a holder 
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for the sample, a diffraction grating to separate different wavelengths of light, and the 
detectors. 
 
A UV–visible–NIR micro-spectrophotometer (CRAIC QDI 2010 based on a Leica 
DMR microscope) is used in this research. In this setup, the spectrometer is coupled 
with a microscope to measure the reflection spectrum of selected windows on the 
samples. It is able to focus on a small area, down to 1.8 µm × 1.8 µm. A non-
polarized normal incident light is applied to excite the nanostructures. The 
spectrometer covers the wavelength range from 200 – 1700 nm 
 
Figure 3.12 Schematic drawing of a Raman spectroscope 
 
Raman spectroscope is an important analytical and research tool with wide 
applications ranging from pharmaceuticals, forensic science, polymers, thin films, 
and semiconductors. It is a spectroscopic technique to observe vibration, rotation, and 
other low-frequency modes in the molecule systems. Raman spectroscopy offers 
several advantages for microscopic analysis. Raman spectra can be collected from a 
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very small volume, which permits the detection at single-molecule level. Meanwhile, 
water does not interfere with Raman signals. Thus, Raman spectroscopy is suitable 
for the microscopic examination of minerals, materials and bio-chemical molecules in 
aquatic environment.  
 
Figure 3.13 (a) The line illumination setup of the Raman microscope 
and (b) the detection of 400 spectra by a thermoelectrically cooled 
CCD array [24]. 
 
Figure 3.12 shows the typical configuration of a Raman spectroscope. It includes a 
standard optical microscope, an excitation laser, a notch filter, a monochromator, and 
a sensitive detector (such as a CCD, or photomultiplier tube (PMT)). The notch filter 
is used to separate the weak inelastically scattered light from the intense Rayleigh 
scattered laser beam. In this study, laser Raman microscope (Nanophoton 
RAMANtouch) is used to obtain the SERS spectra of the substrates. The line 
illumination setup can detect 400 spectra simultaneously as shown in Fig. 3.13. A 
non-polarized 532 nm laser is used. Signals are obtained through a 100× (NA=0.9) or 
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20× (NA=0.45) microscope objective lens and detected by a thermoelectrically 
cooled CCD array with a 600 g/mm diffraction grating. 
 
The Raman scattering spectrum is obtained by the detected Raman photon counts at 
different Raman shifts.  Raman shift in wavenumber can be calculated by 
∆  c       
𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑛𝑚 
  
𝜆 𝑎𝑚𝑎𝑛 𝑛𝑚 
 ×    
7𝑛𝑚 
 𝑐𝑚 
 ,        (3-4) 
where 𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛  and 𝜆  𝑚 𝑛 𝑛𝑚  are the excitation wavelength and Raman spectral 
wavelength, respectively.  
 
3.4 FDTD simulation 
In this research, FDTD simulation is carried out to better understand the interaction 
between the light and nanostructures. Lumerical FDTD software (FDTD Solutions) 
provides graphical user interface (GUI) to set up the same environment with 
experiment so as to solve different types of problems in electromagnetics and 
photonics. It also provides frequency solution by exploiting Fourier transforms, thus 
complex Poynting vector and the transmission/reflection of the light can be 
calculated. Therefore, FDTD is used to simulate the spatial electric field intensity 
distribution and the reflectance of the interested nanostructured. 
 
It should be noted that, FDTD is used to simulate the inelastic wave rather than 
elastic wave. In SERS study, the electromagnetic mechanism plays an important role 
in the signal enhancement. In electromagnetic mechanism, the excitation of localized 
surface plasmon resonance (LSPR) can lead to the generation of hot spots. In the 
resonant wavelength range, hot spots can greatly magnify the incident light as well as 
the Raman signal. In visible wavelength range, the Raman signal wavelength is 
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usually close to the incident wavelength. Therefore, in many SERS studies, FDTD is 
used as a tool to analyze the local field enhancement at the incident light wavelength 
[17, 37]. It helps the understanding of signal enhancement capability of the SERS 
system. Meanwhile, the FDTD is used to analyze the optical reflection of the 




Chapter 4 2D Laser Hybrid Micro/nano-
structuring of Si Surfaces in Air and its 
Applications for SERS Detection 
 
In this chapter, laser fabrication of 2-dimensional (2D) hybrid micro/nano-structures 
as surface enhanced Raman scattering (SERS) substrate is investigated. Fiber laser 
ablation and metal thin film deposition provides a rapid and simple two-step approach 
to fabricate large-area (cm2) SERS substrates. This high throughput fabrication 
approach with good controllability can provide huge potential for practical 
applications of Si based SERS substrates. 
 
4.1 Introduction 
In Chapter 1, it was explained that SERS has provided huge capabilities to fingerprint 
molecules’ detections and analyses [1-4, 87, 88]. Despite the continuous 
achievements in the greater enhancement factors (EFs) of SERS for ultra-sensitive 
detection, poor reliability and reproducibility of substrates with large-scale uniformity 
have severely limited its applications [3, 4, 89]. Metallic nanoparticles (NPs), 
deposited on solid substrates, have been widely studied via chemical synthesis [90]. 
Such substrates can exhibit large SERS EFs [89-91]. However, the difficulties in 
controlling signal homogeneity and particle stability prevent its extensive applications 
for large-area detection [92]. The SERS substrates have been developed by surface 
nanopatterning as well. The frequently used methods are focused ion beam (FIB) and 
electron-beam lithography (EBL), which allow the precise control of the size and 
shape of the surface nanostructures and thus achieve high reproducibility of the SERS 
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substrates [3, 4]. The main disadvantages of these techniques are the high cost and 
low throughput for SERS substrate fabrication. Transfer technique is a widely used 
approach to produce large-area periodic structures for SERS detection. However, the 
preparation of the template/stamp requires time-consuming lithography techniques, 
such as EBL and FIB. Self-assembly is a cost-effective and simple method to produce 
nanoparticle layers. However, to produce a sample with an area larger than one 
centimeter square, a lot of factors, including the size of the particles, the material of 
the particles and substrates, the solution environment, need optimization [93, 94]. 
Besides the exploration in 2D SERS substrates, more recently, 3 dimensional (3D) 
metallic nanostructures are achieved by various approaches, such as particle mediated 
aggregation, reactive ion etching and physical vapor deposition [95-99]. The main 
purpose is to improve the signal enhancement as well as the uniformity and 
reproducibility. 
Laser irradiation is a versatile method to fabricate micro/nano-structures at a high 
speed. It provides good solutions to fabricate SERS substrates over a large area [92, 
100]. Eric Mazur et al. demonstrated SERS substrates with Ag coated nano-bumps 
using femtosecond laser irradiation and then the thermal deposition of Ag thin films. 
An enhancement factor of 107 was achieved [92]. Hai-Lung Tsai et al. also 
demonstrated a one-step method to fabricate SERS substrates by femtosecond laser 
processing in aqueous silver nitrate solutions [31]. However, the femtosecond laser 
processing of the SERS substrates is high photon cost and time consuming to make 
nanostructures over a large area. 
 
In this chapter, a new laser processing technique is developed to fabricate large-area 
Si based micro/nano-structured SERS substrates in air. In previous researches, pulsed 
laser ablation is used for nanoparticles synthesis in liquids. Then the nanoparticles are 
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immobilized on solid substrates for SERS detection [101-103]. In this study, the 
pulsed laser ablation method is directly processing on the Si substrates. It is a new 
approach to fabricate SERS substrates by laser ablation. The laser scanning along 
horizontal and vertical directions forms plenty of microsquares. Their boundaries are 
microgrooves formed by laser ablation and are deposited with NPs as well. In the 
center area of the microsquares, it exhibits quasi-3D structures with randomly 
arranged and different shaped NPs aggregated in more than one layer. With the Ag 
thin film coating, the microsquare regions exhibit uniform EFs of approximately 5.5 
× 106 at an excitation wavelength of 532 nm. The decoration of NPs is highly 
dependent on the laser processing parameters during the laser ablation. The size and 
shape distributions of NPs can be flexibly tuned by varying laser processing 
parameters to achieve the optimal SERS performance. 
 
4.2 Experimental 
A nanosecond pulsed laser ablation as described in Chapter 3 was used to fabricate 
the n-type Si (100) surface. The laser wavelength is 1064 nm, pulse duration (τ) 5 ns, 
pulse repetition rate (PRR) 100 kHz, and laser scanning speed (ν) 100 mm/s. In this 
case, the laser spot size is ~ 20 µm. The laser power was changed to obtain different 
laser fluences for fabrication. The nanosecond pulsed laser ablation can create 
micropatterns along the ablation path and generate different size of NPs, which 
decorate the Si surface at the same time.  
 
To form a single line microgroove pattern on the Si surface, the laser beam scanned 
across the Si substrate along only in the vertical direction for one time. The width of 
the microgroove was ~ 20 µm, which was determined by the laser spot size. Si NPs 
were decorated on the microgroove pattern as well as the surrounding area. In 
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addition, to fabricate the SERS substrates in large area (cm2), the laser beam scanned 
over the Si substrate along both horizontal and vertical directions for hundreds of 
times with the separation of 100 µm, dividing the Si surface into many microsquares. 
In the non-irradiated area (microsqures), NPs were aggregated on the Si surfaces, 
creating the abundant nanostructures for SERS detection. The ablated Si surface were 
then deposited with Ag (Silver pellets, 99.99% pure, MOS GROUP) thin film by an 
electron beam evaporator. The deposition rate was set as 0.05 nm/s. The high vacuum 
environment for ebeam evaporation can prevent the oxidation of Ag.  
 
The laser processed surfaces were functionalized with 2-naphthylamine or 4-
methylbenzenethiol molecules. The Ag coated substrates were immersed in 10 mM 2-
naphthylamine or 4-methylbenzenethiol using ethanol as the solution for 8 hours. It 
allowed the formation of self-assembled monolayer of the molecules [82, 104, 105]. 
Then the substrates were rinsed in an ethanol solution for 30 seconds and dried by 
nitrogen, which can remove the excess molecules on the substrates. Laser Raman 
microscope system was used to obtain the SERS spectra of the substrates once they 
were adsorbed with the probing molecules.  
 
4.3 Results and discussion 
4.3.1 Synthesis of nanoparticles during laser ablation in air 
Nanosecond pulsed laser ablation in air is a complicated and explosive process to 
remove substrate materials and synthesize NPs [106]. It includes the formation of 
plasma species, the generation of shock wave, the expansion of plasma plume and the 
dynamic growth of NPs [107]. The dynamics of materials’ ejection and nucleation are 
crucial for the NPs’ generation [108]. In previous studies, laser ablation was usually 
carried out for the synthesis of metallic/dielectric NPs in liquid. It can directly 
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produce suspensions of NPs. Meanwhile, laser ablation is also processed in inert gas, 
in which the oxidation of the materials can be prevented. In this study, the laser 
ablation of Si surface is conducted in air environment. Thus, it is a very convenient 
and cost-effective process. 
 
Figure 4.1 Pulsed laser ablation dynamics for micro/nano-structures’ 
generation and their deposition on the silicon substrate due to the 
gravity force. 
 
Figure 4.1 shows the pulsed laser ablation for the NPs’ generation in air environment. 
When laser pulses provide high enough fluences, laser irradiation on Si surface can 
induce the materials’ breakdown and the plasma formation [109]. The plasma plume 
is at high pressure and high temperature state. It consists of laser induced energetic 
species including atoms, clusters, and particulates [110]. These plasma species are 
ejected out from the Si surface anisotropically during the laser ablation and they 
exhibit high initial kinetic energy due to the strong recoil pressure generated during 
the plasma formation. The strong interaction between the plasma species and air 
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molecules promotes the nucleation of the species, which allows the formation and 
aggregation of NPs [109, 110]. The formed NPs gradually release the kinetic energy 
by the collisions with the background species during their transport [107]. The NPs 
are then deposited onto the Si surface due to the gravity force acting on them. 
 
Table 4.1 Element compositions by EDX of flat Si surface and the 
substrates fabricated at different laser fluences. 
 
Substrates Atomic % of Si Atomic % of O 
Flat Si surface 100 0 
Laser textured Si surface 
(Laser fluence: 14.3 J/cm2) 92.19 7.81 
Laser textured Si surface 
(Laser fluence: 21.0 J/cm2) 72.25 27.75 
 
 
Since the laser ablation of Si surface is carried out in air environment, it leads to the 
oxidation of Si. The high pressure and temperature states of the materials promote the 
oxidation during laser ablation. An EDX measurement has been done to show the 
surface materials’ constitutions of flat Si surface and the substrates fabricated at 
different laser fluences as shown in Table 4.1. As can be seen, the Si surface is 
partially oxidized during laser ablation. The element compositions in different laser 
fluences also suggest that the higher laser fluence of laser ablation leads to the 
stronger oxidation of Si. It should be noted that the oxidation of Si does not influence 
the SERS performance because the role of Si/SiOX NPs is to provide the nanoscale 
surface structures over the substrates. The substrates are functionalized for SERS 
only after the deposition of the Ag thin film. The Ag film, instead of Si surfaces, has 
the direct contact with the probing molecules for SERS enhancement. Therefore, the 
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ratios of Si and O elements do not much influence the Raman scattering of the 
molecules. This is also the reason to conduct laser ablation process in air environment 
in this study.  
 
4.3.2 Single line laser ablation of Si for SERS detection 
 
 
Figure 4.2 (a) Microscope image of a single line laser beam scanning 
(τ =10 ns, PRR = 100 kHz, laser spot size ~ 20 µm, ν = 100 mm/s 
and laser fluence15.9 J/cm2) on Si surface and (b) SEM images of 
regions I, II and III as marked in (a).(c) The average SERS intensity 
of 1073 cm-1 Raman band (2-naphthylamine molecules’ adsorption) 




The study starts with the simplest case, in which a single line laser ablation is applied 
to texture the Si surface for SERS detection. The microscope image of a single line 
microgroove formed by the laser beam on the Si substrate is shown in Figure 4.2(a). 
The nanosecond pulsed laser ablation configures the Si surface into four different 
geometry regions. The regions are marked based on the different gray scales observed 
in the microscope image. The changes in the gray scales suggest the different 
morphology features of the surface structures in each region. 
 
Figure 4.2(b) shows the SEM images of the surface nanostructures in these regions. 
The Si surface in region I includes hybrid micro/nano-structures consisted of the 
microgroove decorated with NPs. This region is fabricated by the direct irradiation of 
the laser beam. Therefore, it exhibits the microscale structures due to the mass 
removal of Si material. Region II is the Si surface near the microgroove with large 
size NPs’ (from 50 nm to 200 nm) decoration. Large size of NPs can be formed in 
this near site of laser ablation. In region III, which is relatively far from the laser 
irradiation area, the Si NPs at smaller sizes (less than 50 nm) are observed. Region IV 
is far away (> 60 μm) from the laser ablated microgroove. The NPs formed cannot 
transport to such a long distance from the laser ablation site. In this case, there is no 
NP deposited on the Si surface in this region. 
 
The surface morphologies of the different regions can result in various SERS 
behaviors. After 40 nm Ag film deposition and monolayer 2-naphthylamine 
molecules’ adsorption, the SERS signals of the probing molecules are measured. The 
average SERS intensity of the 1073 cm-1 Raman peak along the transverse direction 




As can be seen, in region I, the SERS signal intensity is weak (~100 counts) even 
though there are abundant NPs’ decoration in this area. The weak SERS signal is due 
to the microstructures in this region. The microgroove created by direct laser beam 
irradiation is tens of microns deep, which makes the SERS signals being limited 
inside the microgroove and can hardly be detected. The enhanced SERS signal is 
obtained in the flat Si surface regions II and III. In these regions, the NPs are 
deposited on flat Si surface. Hot spots are created by the aggregation of the Ag coated 
NPs. The size distribution of the NPs greatly influences the SERS performance. The 
aggregation of the smaller NPs leads to abundant nanogaps and nanocavities, which 
form the higher density of hot spots with a more intense local field. Therefore, the 
SERS signal intensity increases with the distance away from the microgroove due to 
the decrease of the NPs’ size. The maximum SERS intensity reaches to ~1200 counts 
in region III, which is almost twice higher than that in region II. The SERS 
performance is weak in region IV. There are few NPs being deposited in this area. Ag 
film deposition on the flat Si surface has a much weaker effect on the SERS signal 
due to the lack of hot spots. 
 
Based on the above observation, the regions II and III, where NPs are decorated on 
flat Si surface, can be fully utilized for SERS detection. Since the single line laser 
ablation only provides limited area suitable for SERS detection, a large area 
fabrication strategy is proposed and introduced in the following section. 
 
4.3.3 Large area laser hybrid micro/nano-structures for SERS 
detection 
To make large area SERS substrates, laser processing with 100 μm pitch along both 
horizontal and vertical directions is applied. The laser ablation configures the Si 
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substrates into microsquare arrays as shown in Figure 4.3(a). The area of the each 
microsquare is around 80 μm × 80 μm. The laser beam irradiates the Si surface to 
form the microgrooves as the boundaries of microsquares. More importantly, in the 
center area of the microsquares, there is an aggregation of NPs over flat Si surface, 
which can be used for SERS detection as indicated in last section. 
 
Figure 4.3 (a) Microscope image of the microsquare array made on 
Si surface. SEM images within the microsquares of Si surfaces made 
by the laser ablation at laser fluences of (b) 21.0 and (c) 14.3 J/cm2 (τ 
=5 ns, PRR = 100 kHz, laser spot size ~ 20 µm, ν = 100 mm/s). (d) 
TEM image of the small nanogaps formed by the nanoparticles’ 
aggregation.  
 
The size and shape distributions of Si nanoparticles within the microsquares are 
crucial for the SERS signal intensity. By changing the laser fluence (laser pulse 
energy (J)/ focal spot area (cm2)), the size and shape distributions of NPs can be 
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modified. At a high laser fluence of 21.0 J/cm2, the NPs are in a size distribution from 
100 to 300 nm as shown in Figure 4.3(b). Meanwhile, the shape of the NPs is 
approximately in sphere. By gradually reducing the laser fluence, the size of NPs in 
the microsquares becomes smaller. At a lower laser fluence of 14.3 J/cm2, the size of 
NPs is reduced to less than 100 nm as shown in Figure 4.3(c). Furthermore, the 
nanostructures exhibit various shapes, leading to abundant nanogaps and nanocavities 
over the Si surface. Figure 4.3(d) shows the TEM image of small nanogaps created by 
the NPs’ aggregation. As can be seen, plenty of nanogaps from a few nanometers to 
tens of nanometers are formed. As described in Chapter 2, Ag nanostructures with 
such small gaps can give rise to significant local field, which leads hot spots for 
SERS detection. 
 
The different laser fluences lead to different size and shape distributions of NPs. As 
previously discussed, the size of NPs is determined by the dynamic interaction 
between the plasma species and air molecules during the laser ablation. Higher input 
laser fluence tends to induce plasma at higher pressure and temperature [31], which 
gives rise to a higher kinetic energy of plasma species. It promotes a stronger 
interaction between the plasma species and air molecules to form large size NPs. The 
results suggest that, by manipulating the laser fluence for ablation, the synthesis of 
NPs with certain size and shape distributions can be realized in a controllable manner. 
It provides the possibility to fabricate the SERS substrates with high reproducibility. 
One should note that other laser ablation parameters, such as pulse repetition rate, 




Figure 4.4 The SERS spectra of 4-methylbenzenethiol molecules 
adsorbed on flat Si surface (500× magnification), textured Si surfaces 
(500× magnification) and Ag film over the textured Si. 
 
 
Based on the above observations, laser ablation on Si and the corresponding NPs’ 
synthesis process can provide a surface with abundant nanostructures. A further Ag 
film deposition makes the laser textured Si surfaces as SERS substrates. Figure 4.4 
shows the SERS spectra of 4-methylbenzenethiol molecules adsorbed on Ag coated 
laser textured Si in comparison to a flat Si surface and a laser textured Si surface 
without Ag coating. The Raman scattered light of the molecules on a flat Si surface is 
very weak. The Raman peaks cannot be observed from the spectrum even after a 
500× magnification of the signals. This is a normal Raman case, in which the Raman 
scattered light is extremely weak for detection. The Raman signal intensity is slightly 
increased for molecules adsorbed on the textured Si surface without Ag. The 
enhancement is due to the stronger interaction of the 4-methylbenzenethiol molecules 
with the incident light brought by the nanostructures on the Si surface. However, it is 
also a normal Raman process because there is no electromagnetic enhancement 
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induced by the metallic nanostructures. For the Ag film over textured Si, a significant 
enhancement in both the 1083cm-1 and 1602 cm-1 Raman bands can be observed. In 
this case, the requirement of a SERS system is fulfilled. Hot spots are created with 
intense local field by the metallic nanostructures (Ag thin film over NPs’ 
aggregation). The electromagnetic enhancement is established to greatly amplify the 
Raman scattered light. 
 
Figure 4.5(a) shows the SERS spectra of monolayer 4-methylbenzenethiol molecules 
adsorbed on the Si substrates fabricated at different laser fluences, while Figure 4.5(b) 
illustrates the change of average SERS intensity at the 1083 cm-1 Raman band. The 
SERS performance is poor at a low laser fluence of 11.5 J/cm2. In this case, the 
density of nanoparticles is not high enough to support strong SERS enhancement. By 
gradually increasing the laser fluence, better SERS performance is observed due to 
the aggregation of abundant nanoparticles on the microsquares. When the laser 
fluence reaches 14.3 J/cm2, the SERS signal is the strongest (~ 9500 counts at the 
1083 cm-1 Raman band). However, the SERS performance becomes worse when 
further increasing the laser fluence. The observation fits well with the SEM images of 
the substrates at different laser fluences as shown in Fig. 4.3 (b) and (c). 
 
In the optimized case, the average size of the NPs is smaller. The aggregation of the 
small nanoparticles results in narrow interparticle gaps, which can promote the local 
field intensity for SERS detection. Meanwhile, the NPs exhibit a diversity of shape. 
The density of hot spots is higher due to the nanogaps, naocavities and nanocorners of 
the surface structures, which improves the SERS performance as well. At a higher 
laser fluence, the size of the nanoparticles increases and the shape of the NPs is much 
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closer to sphere. The fewer nanogaps among the surface structures lead to the lower 
density of hot spots, which reduces the overall SERS signal intensities. 
 
Figure 4.5 (a) SERS spectra (50 x 50 μm2) of 4-methylbenzenethiol 
molecules adsorbed on laser ablated Si surfaces and (b) average 
SERS intensity at the 1083 cm-1 Raman band at different laser 
fluences. (τ =5 ns, PRR = 100 kHz, laser spot size ~ 20 µm, ν = 100 
mm/s) (c) Raman map image of 15 x 15 μm2 areas on the SERS 
substrates made by the laser ablation at laser fluences of 11.5, 14.3 




Figure 4.5(c) shows the Raman map images at 1083cm-1 Raman band of 15 x 15 μm2 
center areas of the microsquares made by the laser at different laser fluences. As can 
be seen, at a low laser fluence of 11.5 J/cm2, the average SERS signal intensity and 
the signal uniformity are poor. In this case, there is insufficient energy for the 
formation and deposition of high density Si NPs, especially in the center areas of the 
microsquares. Meanwhile, the nanostructures are not uniformly distributed due to the 
low density of the NPs’ decoration. At a laser fluence of 14.3 J/cm2, both the SERS 
signal intensity and uniformity are greatly improved. At a further higher laser fluence 
of 21.0 J/cm2, the signal intensity becomes weaker. It is also in good agreement with 
the observation in Figures 4.5(a) and (b). 
 
The optical reflections of the substrates have been measured to help understand their 
geometry features and SERS performance. The reflection spectra from 500 nm to 800 
nm of the textured substrates fabricated at different laser fluences are shown in Fig. 
4.6. As the laser fluence increases, the reflection gradually increases in this visible 
range. At a low laser fluence, Ag film over small size NPs (< 50 nm) leads to stronger 
light absorption and field enhancement. In this case, the reflection is relatively low 
but the local field enhancement is more significant, which promotes the SERS 
detection. At a high laser fluence, scattering becomes dominate when the light 
irradiates on the Ag film over the large size NPs (> 50 nm). The large scattering cross 




Figure 4.6 Reflection spectra of the SERS substrates made at 
different laser fluences in the visible spectrum range. 
 
The influence of thickness of the Ag film on the SERS signal intensity is also 
investigated. The SERS performance of the laser textured Si substrates with different 
thicknesses of the Ag film is shown in Fig. 4.7. When the thickness of the Ag film is 
10 nm, which is below the skin depth of Ag for visible light, the SERS signal 
intensity is low. There are two possible reasons. Firstly, such a thin Ag layer does not 
have a good coverage of the textured Si surface and thus the effective area for SERS 
enhancement is reduced. Secondly, the light can pass through the Ag film and 
partially be absorbed by the Si surface, which reduces the light scattering within the 
structures for SERS enhancement. With 20 nm Ag film coating, the SERS 
performance is optimized. In this case, the Ag film can fully cover the Si structures 
and the thickness is optimized to keep the surface morphology brought by the 
nanoparticles, which promotes the formation of hot spots. When further increasing 
the thickness of the Ag film, the SERS signal intensities gradually decrease. It is 
because the thicker Ag film can smear out the nanogaps formed by the nanoparticles 
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since the average size of the Si nanoparticles is below 100 nm. The thicker Ag film 
results in a smoother metal surface to reduce the SERS signal intensity. 
 
Figure 4.7 SERS spectra of 4-methylbenzenethiol molecules 
adsorbed on laser ablated Si surfaces (laser fluence: 14.3 J/cm2) with 
Ag film coating at different thicknesses. 
 
The SERS signal uniformity is an important performance indicator of the SERS 
substrates. To evaluate the SERS enhancement uniformity, the Raman map image at 
the 1083 cm-1 Raman band is measured from the 8 microsquares on a laser textured 
substrate with Ag coating as shown in Fig. 4.8(a). Meanwhile, the corresponding 
SERS spectrum for each microsquare is shown in Fig. 4.8(b). It can be seen that the 
center part of each microsquare exhibits slightly better SERS enhancement than the 
area close to the boundaries. It is in a good agreement with the observation in single 





Figure 4.8 (a) Raman map image at the 1083 cm-1 Raman band of 8 
microsquares on the SERS substrates and (b) the corresponding 
SERS spectra of 4-methylbenzenethiol molecules adsorbed on the 
microsquares. 
 
When considering the average SERS signal intensities from one microsquare to 
another, the SERS substrate exhibit uniform 4-methylbenzenethiol spectra with 
relative standard deviation below 6% for 1083cm-1, indicating the uniform SERS 
performance of the substrate. The uniform SERS signals attribute to the similar size 
and shape distributions of the Si NPs created by the laser ablation inside the 
microsquares. The laser ablation parameters to configure the microsquares are highly 
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controllable, which also suggests the high reproducibility of the SERS substrates 
fabricated by the laser micro/nano-processing approach. 
 
The EF is estimated using the equation  F            ⁄
 𝑟𝑒𝑓  𝑟𝑒𝑓⁄
1 [1], as described in Chapter 
2, where       is the intensity of the specified Raman band (1083 cm-1) from the 
probing molecules adsorbed on the SERS substrate,   𝑒𝑓 the intensity from the normal 
Raman measurements,       and   𝑒𝑓  the numbers of molecules contributing to 
      and   𝑒𝑓, respectively. 
 
In this work, the average       is around 1619.046 counts per second based on the 
mean intensity from 3 sample microsquares and the average   𝑒𝑓  is around 0.055 
counts per second. The laser spot is approximately an ellipse shape with a long axis 
around 520 nm and a short axis around 380 nm. Taking 4.5×1014 molecules/cm2 for a 
monolayer of 4-methylbenzenethiol on Ag, approximately 6.825×105 molecules are 
located in the detection volume [111]. To determine   𝑒𝑓, the detection volume is 
obtained by measuring the intensity profile of fluorescence beads in ethanol. The 
measured long axis, short axis and the focus depth of the laser spot are 910 nm, 680 
nm and 4.32 µm, respectively. Thus, the effective excitation volume is around 
2.1×109 nm3. In an ethanol solution of 4-methylbenzenethiol (100 mM/L),   𝑒𝑓  is 
approximately 1.26×108 molecules. The average EF, based on the mean intensity 
from the three samples at the optimized laser processing parameters, is estimated to 
be ~ 5.5 × 106. 
 
The laser fabricated substrates decorated with the Ag thin film over nanoparticles 
exhibit good SERS EF and uniformity. Different from conventional SERS substrates 
based on metallic thin film over 2D in-plane arranged nanospheres by self-assembled 
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method [91], the laser ablated SERS substrate exhibits a pseudo-3D structure with 
randomly arranged different shaped nanostructures in more than one layer. It 
contributes to better hotspots’ generation for the SERS signal enhancement. 
 
This method provides a rapid two-step fabrication of the SERS substrates. In the 
SERS substrates prepared by femtosecond laser processing [92, 95, 96], laser 
irradiation is needed to be carried out almost over the entire sample surface. 
Meanwhile, the small spot size and short pulse duration are expected to pattern 
surface structures in nanoscale. However in this design, the laser ablation paths are in 
the separated lines on the sample surface. The non-irradiated area (microsquares) is 
exploited for the SERS detection with much larger effective SERS surfaces. The 
nanostructures are formed by nanoparticles’ deposition during the laser ablation. It 
leads to a rapid surface fabrication of the SERS substrates. Compared to transfer 
techniques or self-assembly methods, the laser ablation method proposed in this work 
is a straight-forward method for mass-production. The sample area is only limited by 
the working range of the stage of the laser ablation setup. A sample area larger than 
one centimeter square can be easily achieved. The disadvantage is the difficulty in 
fabricating periodical structures in nanoscale. 
 
4.4 Summary 
A rapid and simple two-step approach is explored to fabricate a large-area SERS 
substrate. The synthesis of nanoparticles during nanosecond pulsed laser ablation is 
studied via the SERS detection of molecules adsorbed on Si surface with single line 
laser ablation. For single line laser scanning, the size of nanoparticles is widely 
distributed and the small size nanoparticles’ aggregation shows better SERS 
performance. Then the laser ablation is used to configure the Si surface into 
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microsquare arrays as large area SERS substrates. In each microsquare, there are 
abundant Si nanoparticles decorated on the flat Si surfaces. Ag thin film deposited 
over the aggregated nanoparticles can create a high density of hotspots. The laser 
fluence greatly influences the SERS performance of the substrates. At a laser fluence 
of 14.3 J/cm2, the size of the nanoparticles decorated in the microsquares is less than 
100 nm. In this case, both the field enhancement and the density of hotspots are 
maximized for the SERS measurement. The SERS substrate shows a high average EF 
of ~ 5.5 x 106 and good uniformity among the microsquares at 6%. The Ag film 
thickness is also investigated for better SERS performance. This rapid fabrication 
approach with high controllability can provide huge potential for practical 





Chapter 5 Fabrication of 3D SiNW Array 
with Ag Film Coating/Ag Nanoparticles’ 
Decoration for SERS Detection 
 
2-dimensional (2D) surface enhanced Raman scattering (SERS) substrates fabricated 
by laser ablation have been investigated in Chapter 4, while current research trend 
arouses the exploration on 3-dimensional (3D) SERS substrates to utilize the spatial 
feature of the nanostructures for a further enhancement on the Raman scattering. In 
Chapter 5, 3D SERS substrates are designed to fully use the vertical dimension of the 
surface nanostructures for SERS detection. Si nanowire (SiNW) arrays are fabricated 
by combining laser interference lithography (LIL) and metal assisted chemical 
etching. The optical reflectivity of the SiNW arrays is investigated and the substrates 
show significant anti-reflection performance as black Si. With the Ag film coating, 
such black Si surfaces are applied to SERS detection. Two different methods to 
decorate Ag nanoparticles (NPs), instead of Ag film over the SiNWs, are also 
investigated to achieve better SERS performance.  
 
5.1 Introduction  
As presented in Chapter 2, SERS can dramatically increase the Raman scattered light 
by local field enhancement, known as hot spots, and the charge transfer brought by 
the rough metal surfaces. The hot spots, which are generated by the excitation of 
localized surface plasmon resonance (LSPR), enhance the intensity of incident light 
as well as the excited Raman scattered light, resulting in a significant increase of the 
total signal output [1, 28, 112]. 
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LSPR usually takes place at the metal surface with abundant nanostructures. 
Therefore, surface area of a SERS substrate plays an important role in determining 
the detection sensitivity. Large surface area of the sub-wavelength structures leads to 
more opportunities for light matter interactions, which result in enhanced SERS 
signals. This motivates the exploration of SERS substrates from 2D to 3D. In recent 
years, 3D SERS substrates have been introduced to show impressive sensitivities 
[113-115]. Michael et al. has demonstrated SERS substrates based on Au film 
deposited Si nanowires (SiNWs) [98]. The leaning effect was studied to considerably 
enhance the SERS signals. Nevertheless, in this work, only the top area of the SiNWs 
contributed to the SERS detection. Black Si surfaces fabricated by reactive ion 
etching (RIE) were investigated by Gervinskas et al. for SERS sensing [43, 116]. 
They discussed the influences on SERS signals at different thicknesses of the metal 
film coating and different solid angles (numerical aperture of excitation/collection 
optics) on the detection signals.  
 
In this chapter, the fabrication of the nanowire based black Si surfaces by combining 
LIL and metal-assisted chemical etching is demonstrated. The surface structures 
exhibit good periodicity and high aspect ratio (height/width). The SiNW array has 
been demonstrated for excellent broadband anti-reflection performance [117]. An 
additional Ag layer is deposited on the SiNWs substrates for SERS detection. The 
change of SERS signal intensity with the height of SiNWs has been studied. Higher 
SiNWs exhibit stronger SERS signals due to the large surface area. The SERS 
performance of Ag NPs’ decoration on SiNWs in comparison to Ag film coating is 
also investigated. Ag NPs’ decoration by redox reaction significantly improves the 
SERS signal intensity due to the high density of hot spots, while the thermal 
annealing weakens the SERS signals due to the oxidation of Ag. 
74 
 
5.2 Experimental  
To fabricate the SiNWs substrates, a positive photoresist S1805 was spin coated on 
flat Si substrates. The samples were baked at 90°C for 15 minutes. The photoresist 
was exposed using LIL with the Lloyd's mirror setup. Two perpendicular exposure 
and photoresist develop make well-ordered nanodisks on the substrates. The 
photoresist patterns were used as the mask for the following etching process. A layer 
of Au (15 nm thick) was then deposited by an e-beam evaporator. The samples were 
etched in a solution of H2O2, HF and H2O [117]. The concentrations of HF and H2O2 
were 4.6 and 0.44 M. The Au was then removed by gold etchant. Additionally, An 
Ag film (40 nm) was then deposited on the sample surface by the e-beam evaporator 
for SERS detection.  
 
Two different approaches, thermal annealing and electroless redox reaction, were 
used to decorate Ag NPs on the SiNWs. In the thermal annealing, a 40 nm Ag film 
was firstly deposited on the SiNWs. Then the annealing at a temperature of 300 ℃ 
for 1 hour configured the Ag film into NPs. The heating process provides the thermal 
energy to form the agglomeration of Ag film. In the redox reaction, the samples were 
submerged into an aqueous deposition solution of 5 M HF and 10 mM AgNO3 for 1 
minute in the dark environment. HF is introduced into the deposition solution to 
dissolve the insulative oxide layer and keep the deposition reaction sustainable. After 
being washed with ethanol, the Ag NPs were deposited over the sample surface. The 
concentration of AgNO3/HF and the reaction time can be tuned to change the size and 
shape distributions of the Ag NPs. 
 
The morphology of the substrates was characterized by a field emission SEM and the 
optical reflection of the substrates was measured by a UV-visble-NIR sepectrometer. 
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The optical reflections of the SiNW arrays were also investigated through numerical 
simulations (Lumerical FDTD solutions). A planar wave was applied as the light 
source. The periodic-type boundary was used, corresponding to the well-ordered 
arrangement of the SiNWs. To characterize the SERS performance of the 3D SERS 
substrates, the samples were functionalized with a self-assembled monolayer of 4-
methylbenzenethiol. Laser Raman Microscope system was used to measure the 
Raman spectra of the molecules adsorbed on the substrates. Raman signal imaging at 
a certain Raman band can be obtained by the system as well.  
 
5.3 Results and discussion  
5.3.1 SERS performance of Ag film coated SiNWs at different 
heights 
 
Figure 5.1 SEM images of SiNWs (30 degree tilt view) at the heights 
of (a) 1.6 μm and (b) 2.2 μm. (d) and (e) the top and side view of the 




Figure 5.1(a) and (b) show the tilt view (30 degree) SEM images of the SiNWs at 
different heights (1.6 μm and 2.2 μm) fabricated by LIL and metal-assisted chemical 
etching. By changing the chemical reaction time, the height of the SiNWs can be 
modified. In this experiment, The metal assisted chemical etching time is changed 
from 20 seconds to 3 minutes to fabricate SiNW arrays with the heights from 400 nm 
to 2.2 μm, aspect ratios from 2:1 to 11:1. 
 
Figure 5.2 SEM images of non-ordered SiNWs fabricated by long 
time (20 minutes) etching. 
 
The etching relies on an electrochemical reaction between the Si surface and the 
solution of HF and H2O2 catalyzed by the Au layer. It only takes place at the Si-Au 
interface. The vertical SiNWs can be etched in an anisotropic way by using the 
patterned Au nanostructures as a catalyst layer. During the etching process, the 
cylindrical shapes of the structures are influenced a lot by the contact of the metal 
film and Si surface especially at the boundaries of the nanostructures. Despite the 
variance on the shape of the structures, the height and periodicity can be well 
controlled by the etching time and LIL. These factors are more significant for the 
practical applications. Figure 5.1 (c) and (d) show the top and side view of the SiNWs 
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at 1.6 μm height. As can be seen, the SiNWs remain good periodicity and keep 
vertical in this case. Such well-ordered configuration can contribute to uniform 
signals for SERS detection. It should be noted that a longer etching time leads to the 
leaning and gathering of the nanowires as shown in Fig. 5.2. To maintain a good 
periodicity of the structures, the etching time should be well controlled.  
 
Figure 5.3 The reflection of a flat Si surface and a 1 µm high SiNW 
array in the wavelength range from 400 nm to 800 nm. 
 
The optical behaviors of the SiNWs are first investigated. One important feature of 
the SiNW arrays is the strong anti-reflection in the visible spectrum. Figure 5.3 shows 
the reflection spectrum of a flat Si surface and a 1 µm high SiNW array in the 
wavelength range from 400 nm to 800 nm. There are two reasons for the low 
reflectivity of the SiNW array. Firstly, the subwavelength SiNWs can be treated as an 
intermediate layer with an effective RI. The effective RI can be calculated by the 
volume fractions of Si and air. It can compensate for RI mismatching at Si/air 
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interface, thus reducing the reflection at the Si/air interface. Meanwhile, the ultrahigh 
aspect ratio provides more opportunities for light trapping among the Si structures. 
The enlarged vertical dimension is more likely to trap the incident light by internal 
reflection. 
 
Figure 5.4 Simulated average reflection (from 500 to 600 nm) of 
SiNW arrays with the height ranging from 500 nm to 4 μm. 
 
 
Figure 5.4 shows the numerical simulations of average optical reflection of the SiNW 
arrays at different heights in the wavelength range from 500 to 600 nm. At 532 nm 
laser excitation for SERS detection, the Raman shift range from 0 to 2000 cm-1 is 
located in this wavelength range. As can be seen, higher SiNW array shows lower 
optical reflection. It is because the higher SiNWs exhibit a larger surface area for 
light absorption. Meanwhile, the 3D nanostructures with high aspect ratio promote 
the internal reflection of light, especially within the deep part of structures. Previous 
studies also experimentally demonstrated the strong broadband anti-reflection 
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performance of such black Si substrates in broad wavelength range covering the UV-
visible-NIR spectrum [117]. 
 
Figure 5.5 (a) SERS spectra of 4-methylbenzenethiol molecules 
adsorbed on flat Si surface (100× magnification) and Ag film coated 
SiNW arrays. (b) The SERS intensities at the 1083 cm-1 Raman band 
at different heights of Ag film coated SiNW arrays. 
 
To apply such black Si surface for SERS detection, a 40 nm Ag layer is deposited on 
the substrates, followed by the probing molecules adsorption. Figure 5.5(a) shows the 
SERS spectra of 4-methylbenzenethiol molecules adsorbed on flat Si surface and Ag 
film coated SiNW arrays. There is no Raman peak observed by the normal Raman 
case of a flat Si surface. Meanwhile, a significant enhancement in the Raman 
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scattered light, especially at 1083 and 1602 cm-1 Raman bands, is observed for the 3D 
SERS substrate. The Ag film over the substrates can lead to nanostructured Ag, 
which creates hot spots to form the SERS detection system. 
 
Since the surface area of the nanostructures plays an important role in the SERS 
detection, to increase the surface area is expected to influence the SERS performance 
of the substrates. In this study, the surface area is controlled by changing the height of 
the SiNWs. To explore the height effect of the SiNWs on the SERS enhancement, 
SERS signals from different heights of SiNW arrays with 40 nm Ag film coating 
have been measured. The corresponding SERS intensities at the 1083 cm-1 Raman 
band are shown in Figure 5.5(b). 
 
As can be seen, the SERS signals increase with the height of SiNWs. There is more 
than 5 times magnification of the SERS signals when the height of the SiNWs 
increases from 400 nm to 2.2 µm. The better SERS performance attributes to the 
increase of surface area. The larger surface area allows more probing molecules 
adsorption on the Ag surface. These molecules are located within the detection 
volume inside the SiNWs. Furthermore, the higher SiNWs also create more 
opportunities for the light-Ag and light-molecule interactions, leading to higher SERS 
signal intensities. 
 
Another feature of the SiNWs also helps understanding the SERS enhancement. 
Since SiNWs have a large surface area, there is a huge amount of surface electrons, 
which results in an enhanced surface plasmon resonance [114] for SERS detection. 
Additionally, the 3D periodic arrangement of SiNWs greatly traps the incident light, 
which promotes a further enhancement of surface plasmon resonance. It was 
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suggested that the double excitation of periodicity-induced localized electromagnetic 
states would give rise to enhanced Raman scattering [114]. 
 
5.3.2 Comparison of Ag NPs’ decorated and Ag film coated 
SiNWs 
Based on the electromagnetic enhancement mechanism for SERS, hot spots’ intensity 
and density are crucial for the SERS enhancement. Compared to Ag film coating, Ag 
NPs’ decoration is more likely to generate high intensity local field enhancement. The 
density of hot spots can be increased by Ag NPs as well. 
 
Figure 5.6 SEM images of SiNWs (30 degree tilt view) with Ag NPs’ 
decoration via (a) thermal annealing and (b) redox reaction. 
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In this work, two different approaches, thermal annealing and redox reaction, are used 
to decorate Ag NPs on the SiNWs.  The thermal annealing decorates the Ag NPs over 
the top, bottom and sidewall areas of the SiNW substrates as shown in Figure 5.6(a). 
The size of Ag NPs is large (from 200 to 500 nm) at the bottom area of the SiNWs. 
On each top of the SiNW, there is a continuous Ag island. There are small 
nanoparticles (less than 50 nm) distributed on the sidewalls of the SiNWs. In contrast, 
redox reaction provides a better coverage of Ag NPs over the SiNWs as shown in 
Figure 5.6(b). The size of nanoparticles on the sidewalls is relatively larger than the 
thermal annealing. Meanwhile, redox reaction creates nanoparticles’ aggregation on 
the top of the SiNWs, leading to the formation of Ag nanobridges over the nanowires. 
 
The different Ag NPs’ decoration approaches result in a big difference in the SERS 
performance of the substrates. Figure 5.7 shows the SERS spectra of 4-
methylbenzenethiol molecules on SiNWs with Ag film decoration, SiNWs with Ag 
NPs’ decoration by the redox reaction and thermal annealing. Compared to the Ag 
film coated SiNWs, the Ag NPs decoration on SiNWs via the thermal annealing 
greatly reduces the SERS signal intensity. Typically, the annealing usually can 
remove a lot of grain boundary inside the metal [118], resulting in stronger plasmonic 
resonance, but the SERS signal is weaker rather than stronger after annealing. The 
main problem is that the annealing intends to make each particle to form a separate 
island far from each other, which reduces the hot spot intensity. Another reason is the 
oxidation of Ag during the annealing process in air. Ag2O nanostructures could not 
generate intense local field enhancement in the wavelength range from 500 to 600 nm, 
leading to the poor SERS performance. On the other hand, Ag NPs’ decoration on 
SiNWs via redox reaction greatly improves the SERS signal intensities compared to 
the Ag film coating. A magnification around 5.3 times can be observed at the 
1083cm-1 Raman band of 4-methylbenzenethiol molecules. The significant 
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enhancement attributes to the high density of hot spots generated by the aggregation 
of Ag NPs.  For an Ag film coating SiNW array, the hot spots are generated typically 
at the edge of each nanowire, while for the Ag NPs’ decoration, the hotspots are 
created in the top, sidewall and bottom areas of the substrates. In this case, the large 
surface area of the SiNW is fully used for the SERS detection. Meanwhile, Ag NPs’ 
aggregation leads to a stronger local field enhancement, which contributes to higher 
SERS signal intensities.  
 
Figure 5.7 SERS spectra of 4-methylbenzenethiol molecules on 
SiNWs (~ 1.6 μm high) with Ag film decoration, SiNWs with Ag 
NPs’ decoration by the redox reaction and thermal annealing. 
 
It should be noted that the size and density of Ag NPs can be flexibly tuned by the 
concentration of HF and AgNO3 for redox reaction [119]. The time for submerging 
the samples into the solution for reaction also influences the morphology of the Ag 
NPs. Typically, a longer reaction time leads to a larger average size of the 
nanoparticles. Therefore, the SERS enhancement of Ag NPs’ decorated SiNWs can 




SiNW arrays based black Si surface is a promising SERS sensing platform [43, 116]. 
The large surface area and well-ordered patterning provide a huge potential to 
improve the SERS detection sensitivity and signal uniformity. Future work is needed 
to investigate optimized geometry, such as the period and aspect ratio of the SiNWs 
and to develop the best approach to decorate metal nanostructures on the SiNWs for 
SERS sensing applications. In next Chapter, the height effect of the SiNWs on SERS 
will be investigated in detail. The aspect ratio of the SiNW array will be optimized 
for the SERS detection. 
 
5.4 Summary  
SiNW arrays with good periodicity and high aspect ratio are fabricated by combining 
LIL and metal assisted chemical etching. With the Ag film coating, SiNW arrays are 
demonstrated for SERS detection. Higher SiNWs exhibit stronger SERS signals due 
to the larger surface area for light-matter interactions. The SERS performance of Ag 
NPs’ decoration on SiNWs in comparison to Ag film coating is also investigated. Ag 
NPs’ decoration by redox reaction improves the SERS signal intensity due to the high 
density of hotspots. A magnification around 5.3 times is observed at the 1083cm-1 
Raman band of 4-methylbenzenethiol molecules. In next chapter, the aspect ratio 





Chapter 6 Aspect Ratio Effect in Ag 
Nanoparticles’ Decorated 3D SiNW for 
SERS Detection 
 
In Chapter 5, the high potential of silicon nanowires (SiNWs) decorated with Ag 
nanoparticles (NPs) in surface enhanced Raman scattering (SERS) detection has been 
demonstrated. The SiNW array with a large surface area can provide a best platform 
for SERS detection, in which the aspect ratio of the SiNWs plays a decisive role for 
the enhancement. For Ag NPs decorated SiNW arrays, a large aspect ratio promotes 
high density of hot spots, while the SERS signal detection is limited due to the light 
trapping. In Chapter 6, the aspect ratio effect of Ag NPs decorated SiNW substrates 
for SERS is investigated in detail. The aspect ratio is optimized for SERS detection 
by well balancing the large detection area and light trapping effect on SiNW arrays. 
 
6.1 Introduction 
As described in previous chapters, via the electromagnetic and charge transfer 
mechanisms, metallic nanostructures have been widely applied to SERS applications, 
such as fingerprinting bio-chemical sensing and imaging [1, 2, 14]. Recent 
developments in the fabrication and optical characterization of nanostructures 
enhance the studies of SERS substrates with improved sensitivity and reproducibility. 
Various SERS substrates, such as Ag film on nanospheres and nanoprisms, have been 
studied [28, 89-92]. The geometries were well designed to create hot spots at the 
resonance to improve the SERS performance. Nanowires based SERS substrates have 
been widely investigated to show impressive SERS sensitivities due to their 3-
dimensional (3D) configurations [98, 113-115]. Glass nanowire arrays with nanogap-
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rich silver nanoislands for SERS detection were demonstrated by Oh et al. 
Nanoislands were located on both the top and sidewalls of the nanowires to generate 
high-density hotspots [120]. However, the glass nanowires’ heights were limited. The 
advantages of the vertical dimension were not fully developed. Gervinskas et al. has 
demonstrated black Si based SERS substrates [28]. Lee et al. has also investigated 
nanowire based SERS substrates with metal NPs’ decoration. Such substrates were 
applied to practical applications, such as DNA molecule sensing [89, 91]. However, 
in their works, the nanowires/nanopillars are randomly distributed on the sample 
surfaces, which may influence the signal homogeneity over the substrates. 
 
The aspect ratio of a nanowire is defined as the ratio of its height to width. The higher 
aspect ratio nanowires with metallic NPs’ decoration can create more surface areas 
available for the formation of hot spots. It also improves the adsorption of probing 
molecules within the detection volume. Meanwhile, the SiNWs can increase the light 
scattering within the structures, leading to intense light metal and light molecule 
interactions. These factors contribute to intense SERS signal enhancement. However, 
it should be noted that the light trapping effect is enhanced in higher SiNWs, which 
prevents the collection of the SERS signals [117]. Therefore, an optimization is 
needed to balance these effects for SERS detection, which has not been investigated 
by previous studies. 
 
In this chapter, the aspect ratio effect on SERS detection was investigated of the 3D 
substrates based on well-ordered SiNWs with the Ag NPs’ decoration. By combining 
laser interference lithography (LIL) and metal-assisted chemical etching, 3D SERS 
substrates are prepared over a large area (cm2). By changing the reaction time, 
various aspect ratios of nanowires are obtained. The SERS spectra of 4-
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methylbenzenethiol on the substrates are analyzed to optimize the aspect ratio. The 
optical reflection of these substrates is studied to evaluate the SERS performance. 
The different SERS performance of well-ordered SiNWs and randomly arranged 
SiNWs is also investigated. The well-ordered SiNWs exhibit better SERS signal 
intensity and uniformity due to the optimized height and the periodic configuration. 
 
6.2. Experimental   
The same fabrication process, as described in Chapter 5, was used to fabricate the 
SiNW arrays. A positive photoresist was firstly spin coated on 725 µm thick p-Si 
(100) substrates. The samples were baked at 90°C for 15 minutes. The photoresist 
was exposed using LIL by two perpendicular exposures. The resolution of the LIL 
depends on the wavelength of incident light. 325 nm He:Cd light is used and the 
period of the nanowire array is set as 600 nm. The density of the nanowires per unit 
area is around 2.78×106 per mm2. After photoresist developing, a layer of Au 
(approximately 15 nm thick) was deposited by an e-beam evaporator. Then the 
samples were chemical etched in a solution of H2O2, HF and H2O. The etching time 
varied from 30 seconds to 10 minutes to achieve SiNWs with different aspect ratios. 
The Au was then removed using an Au etchant. To decorate Ag NPs on the SiNWs, 
the substrates were dipped into an aqueous deposition solution of 5 M HF and 10 mM 
AgNO3 for 1 minute in the dark then washed with deionized water and ethanol. 
 
The 3D SERS substrates were functionalized with a monolayer of 4-
methylbenzenethiol. Laser Raman Microscope with 532 nm laser excitation was used 
to characterize the SERS properties of the substrates. To characterize the optical 
reflection of the fabricated samples, a UV–visible–NIR micro-spectrophotometer was 
used. A non-polarized normal incident light was applied to excite the nanostructures, 
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since the designed structures are polarization independent. The morphology of the 
substrates was measured by a field emission SEM. 
 
6.3 Results and discussion 
6.3.1 Aspect ratio effect of Ag decorated SiNW array for SERS 
 
Figure 6.1 SEM images of (a) the SiNW arrays fabricated by LIL 
and metal-assisted chemical etching and (b) SiNW arrays decorated 




Figure 6.1(a) shows the SEM images of the well-ordered SiNWs at different aspect 
ratios. The metal-assisted chemical etching configured the heights of SiNWs ranging 
from 600 nm to 10 µm for different etching time. The period of the NWs is controlled 
at around 600 nm and the diameter of the SiNWs is around 200 nm. The aspect ratio 
of the SiNWs varies from 3:1 to 50:1. The SiNWs can maintain very well defined 
periodicity at the heights less than 5 µm. When further increasing the height of 
SiNWs, the mechanical strength of the nanostructures fails to support the nanowires. 
Several adjacent SiNWs lean together to form clusters and the SiNW arrays lose the 
periodicity. 
 
Figure 6.1(b) shows the SEM images of the SiNWs decorated with Ag NPs. To apply 
the SiNW arrays for SERS detection, the Ag NPs were deposited on the substrates via 
the electroless redox reaction between the oxidation of Si and the reduction of Ag+. 
The Ag NPs have a good coverage on the top, sidewall and bottom surfaces of the 
SiNWs. Therefore, the large surface area of the SiNWs can be fully used for the 
molecules’ adsorption and light matter interaction to enhance SERS signals. The size 
and density of Ag NPs can be tuned by changing the concentration of the AgNO3 and 
HF in the water solution. The time for immersing the samples into the solution also 
influences the size and density of Ag NPs [119]. In this study, the redox reaction 
rather than the thermal annealing is used for the Ag NPs’ decoration due to the 
experimental observation in chapter 5, in which redox reaction can lead to a much 
stronger Raman signal intensity. 
 
Figure 6.2(a) shows the SERS spectra of monolayer 4-methylbenzenethiol molecules 
adsorbed on the Ag decorated SiNW arrays at different heights. The change of the 
average SERS intensity at the 1083 cm-1 Raman band is shown in Figure 6.2(b). The 
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SERS signal intensity of the 600 nm high SiNW array is approximately 230 counts at 
1083 cm-1 Raman band. At 600 nm height and 200 nm width (aspect ratio around 3:1), 
the surface area of the SiNWs substrate is 2.05 times of a 2D planar surface. By 
gradually increasing the height of SiNWs, the aspect ratio is increased and a better 
SERS performance is observed. When the height of SiNWs reaches 1 µm (aspect 
ratio around 5:1), the surface area of the substrate is 2.74 times of a 2D planar surface. 
The SERS signal is maximized (approximately 580 counts).  
 
Figure 6.2 (a) SERS spectra (50 x 50 μm2) of 4-methylbenzenethiol 
molecules adsorbed on SiNWs at different heights and (b) average 




The better SERS performance attributes to the larger surface area of the higher 
SiNWs. It allows the decoration of more Ag NPs on the sidewalls and thus leads to a 
higher density of hot spots over the substrate. Meanwhile, there are more probing 
molecules allocated within the detection volume inside the SiNWs. The increase in 
both the hot spots density and the number of the molecules results in the higher SERS 
signal intensity. Meanwhile, the large surface area of the SiNWs can result in more 
surface electrons, leading to an enhanced surface plasmon resonance. Generally, in a 
system with metallic NPs distributed on 3D SiNWs array, the dipoles induced by 
plasmon resonance would couple and transmit on the whole surface [43]. 
Consequently, the plasmon resonance of the substrate is broad and strong. The 
scattering of photons can couple and resonate with the surface plasmon induced by 
Ag NPs, which would further enhance the scattering processes, leading to the 
increase of the total Raman signals. 
 
It is assumed that the measured SERS signal consists of three contributions from the 
top, bottom and sidewall areas of the SiNW arrays. Thus the SERS signal intensity 
can be described as 
        𝑜𝑝  𝑜𝑝    𝑖𝑑𝑒      𝑖𝑑𝑒       𝑜  𝑜𝑚  𝑜  𝑜𝑚                   (6.1) 
Where the   𝑜𝑝,  𝑖𝑑𝑒     and   𝑜  𝑜𝑚 are the numbers of adsorbed molecules at the 
top, sidewall and bottom surfaces of the Ag decorated SiNWs, respectively.  𝑜𝑝 , 
  𝑖𝑑𝑒     and   𝑜  𝑜𝑚  are the corresponding SERS enhancement factors.   𝑜𝑝 , 
  𝑖𝑑𝑒     and   𝑜  𝑜𝑚  are determined by the morphology features and the spetial 
distribution of the Ag NPs. They can be considered as constants in these substrates, 
considering the same Ag NPs’ decoration process and the same diameter of the 
SiNWs. The higher SiNW increases   𝑖𝑑𝑒     and thus enhances the contribution 
from the sidewall area of the SiNWs for the overall SERS signals. Meanwhile, the 
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high aspect ratio of SiNWs also promotes the light-matter interaction. The large 
surface area creates more opportunities for the interaction among the incident light, 
probing molecules and the Ag NPs, which leads to a higher SERS signal intensity. 
 
However, the SERS performance becomes worse when further increasing the height 
of SiNWs. When the height of SiNWs increases from 1 µm to 1.4 µm, the SERS 
signal intensity decreases to around 400 counts. When the height of the SiNWs is 
further increased, there is no significant change in the average SERS intensity over 
the substrates. The suppression of the SERS signals mainly attributes to the light 
trapping effect of the SiNWs with high aspect ratios. The SERS signals at the bottom 
part of the SiNWs cannot escape and be detected. It suggests that the relationship 
given by (6.1) can be further modified to fit the experimental observation. 
 
To have a better understanding of the SERS performance in high SiNWs, the optical 
reflections of the substrates are investigated. Figure 6.3(a) shows the wavelength 
range of the Raman measurement in the visible spectrum. At 532 nm laser excitation, 
the wavenumber 2000 cm-1 corresponds to the wavelength at 595 nm. The most 
significant Raman bands at 1083 and 1602 cm-1 are located in the wavelength range 
from 532 to 600 nm. The average reflection of Ag decorated SiNWs at different 
heights in this wavelength range is shown in Figure 6.3(b). As the height of SiNW 
increases, the average reflection from 532 to 600 nm gradually decreases. As 
discussed in chapter 5, SiNWs can efficiently entrap light, leading to a black Si 
surface. Additionally, the Ag NPs’ decoration contributes to the light trapping in the 
bottom part of the SiNWs. The excitation of the localized surface plasmon resonance 
(LSPR) promotes the light absorption and scattering on the metal surface. The 
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enlarged vertical dimension is more likely to limit the light by surface absorption and 
internal reflections [117, 121]. 
 
Figure 6.3 (a) Wavelength range of the Raman measurement (Raman 
shift from 0 to 2000 cm-1) in the visible spectrum and (b) the average 
reflection of Ag decorated SiNWs at different heights in the 
wavelength range from 532 to 600 nm. 
 
The anti-reflection performance of the higher SiNWs can explain the suppression of 
SERS signals in the SiNWs higher than 1 µm observed in Figures 6.3(a) and (b). As 
mentioned, the measured SERS signal consists of three contributions from the top, 
bottom and sidewall areas of the SiNW arrays. The expression for the SERS signal 
intensity obtained from the SiNWs can be modified as: 
                    
                                                      (6.2) 
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Where the     ,           and         are the collection efficiencies of the signals 
from the top, sidewall and bottom surfaces of the Ag decorated SiNWs, respectively. 
In the high SiNWs, the strong light trapping greatly influences the signal collection 
by largely reducing the value of        .           is determined by the relative 
distance from the interested point on the sidewall from the bottom. When the site is 
close to the bottom,           is greatly suppressed as well.      is independent on the 
height of nanowires. It can be considered as a constant once the top area of the 
SiNWs is determined. Taking all these factors into account, the second item and third 
item will be reduced when the height of SiNWs increases. It explains the suppression 
of the average SERS signal intensity by the SiNWs higher than 1 µm.  
 
6.3.2 A comparison of well-ordered and randomly arranged 
SiNWs 
Based on the above discussion, an analytical comparison of well-ordered SiNWs with 
optimized aspect ratio and randomly arranged SiNWs with ultra-high aspect ratio is 
carried out in this section. 
 
When further increasing the height of SiNWs to around 10 µm by longer metal 
assisted chemical etching time, SiNWs randomly lean together to form SiNW 
clusters. The period (600 nm) and density of NWs in a unit area (2.78×106 
NWs/mm2) are the same for these two substrates. Figure 6.4(a) shows the reflection 
spectra of SiNWs at 1 and 10 µm in the visible spectrum. Compared to the 1 µm 
SiNWs (aspect ratio 5: 1), the 10 µm SiNWs (aspect ratio 50: 1) exhibit a much lower 
reflectivity (below 8%) in the visible spectrum due to the enhanced light trapping of 
higher SiNWs. Figure 6.4(b) shows the SERS spectra of the monolayer 4-




Figure 6.4 (a) Reflection spectra of well-ordered 1 μm SiNWs and 
randomly arranged 10 μm SiNWs and (b) SERS spectra of 4-
methylbenzenethiol molecules on the 1 μm SiNWs (blue), 10 μm 
SiNWs (black) and only the top area of the 10 μm SiNWs (red). (c) 
Raman map images at the 1083 cm-1 Raman band of 10 μm SiNWs 




SiNWs while Figure 6.4(c) illustrates the corresponding Raman map images at the 
1083 cm-1 Raman bands of these two substrates in an area of 30 × 20 µm2. In Figure 
6.4(b), the red curve and the black curve correspond to the same substrate (10 μm 
SiNWs). The black curve shows the average signal intensity of the whole sample area 
for detection, while the red curve shows the average signal intensity of the top area of 
the SiNWs only. In experiment, a micro-Raman spectrometer is used for the 
detection. By selecting the detection window only on the top area of the aggregated 
SiNWs, the signals from only the top area of the SiNW clusters are obtained. The 
black curve is lower than the red one, which implies the signal from the rest part of 
the SiNWs (side and bottom area) is weaker than that from the top area. The SERS 
signal intensity from the top area of randomly arranged SiNWs (red curve) is high, 
which is similar to the average signal intensity of 1 µm high SiNW array (blue curve). 
It suggests that the SERS signals from the top area of the SiNWs are not affected by 
the increased vertical dimension. 
 
However, the average SERS signal intensity of the 10 µm high SiNWs (black curve) 
is much lower than that of 1 µm high well-ordered SiNWs. The formation of Si 
clusters reduces the effective surface area for the Ag NPs’ deposition and probing 
molecules’ adsorption. More importantly, the ultralow reflectivity of the substrates 
limits the detection of the scattered light. The Raman map image clearly shows that 
the SERS signals from the sidewall and bottom areas of the 10 µm are greatly 
weakened. The scattered light from the bottom part of the SiNWs can hardly be 
detected and thus the overall SERS performance is weakened. Meanwhile, the signal 
uniformity is poor due to the random aggregation of the 10 µm SiNWs. In contrast, 
the periodical 1 µm SiNWs exhibits a better SERS signal intensity and uniformity. 
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The periodic configuration with the optimized height of the NWs can fully use the 
top, sidewall and bottom areas of the substrates for the SERS detection. 
 
In the previous research on SiNWs based SERS substrates, the large surface area of 
the SiNWs is featured for enhancing SERS signals [43, 114-116, 120]. On the other 
hand, high aspect ratio SiNWs were also applied as black Si surfaces to exhibit anti-
reflection property. It was experimentally demonstrated that the SERS signals 
intensity can be enhanced by increasing the aspect ratio of the SiNWs when their 
height is less than 1 µm. However, when further increasing the height of SiNWs, the 
light trapping effect of the SiNWs becomes dominant and weakens the SERS signal 
intensity. It should be noted that, the reflection and SERS detection are also 
determined by the diameter of the SiNWs, the size of Ag NPs and the solid angle 




In summary, The SERS performances of the Ag NPs decorated SiNWs at different 
aspect ratios are investigated to optimize the SERS signals by well balancing the 
large detection area and light trapping effect. The SERS performance of the SiNW 
array is compared with randomly arranged SiNWs. The good periodicity and 
optimized aspect ratio result in a higher SERS signal intensity and a better signal 
uniformity. 
 
The study suggests that enlarging the vertical dimension of the 3D SERS substrates 
may not always results in an enhancement for SERS detection. In the 3D SERS 
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substrates design, an optimization of the height/aspect ratio of the structures should 




Chapter 7 Conclusions and Future Work 
 
7.1 Conclusions 
In this thesis, the design, fabrication and characterization of two-dimensional (2D) 
and three-dimensional (3D) plasmonic nanostructures were studied to realize large 
area SERS substrates with high enhancement factors. SERS is a promising technique 
for the fingerprint detection of bio-chemical molecules. The development of SERS 
substrates provides SERS detection with a larger detection area, a better sensitivity 
and a better compatibility to the detection system. Laser fabrication of 2D and 3D 
SERS substrates were investigated. It provides high throughput and cost-effective 
solutions for large area substrates with good SERS performance. The influence of the 
vertical dimensional on the SERS detection is also investigated as a good reference 
for the future design of 3D SERS substrates. 
 
Firstly, the study started with the fabrication of the 2D hybrid micro/nano-structured 
SERS substrates by laser ablation. It is a rapid and simple two-step approach to 
fabricate large-area SERS substrates. The laser ablation can pattern the Si surface 
with microstructures and meanwhile abundant nanoparticles are generated. After Ag 
thin film deposition, the aggregation of Ag nanoparticles provides a large number of 
nanogaps within the detection system, leading to the high density of hotspots for 
SERS. The laser fluence greatly influences the size distribution of the nanoparticles 
and thus determines the SERS performance of the substrates. At a laser fluence of 
14.3 J/cm2, the size of the nanoparticles decorated in the microsquares is less than 100 
nm. In this case, both the field enhancement and the density of hotspots are 
maximized for the SERS measurement. The SERS substrate shows a high average EF 
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~ 5.5 x 106 and good uniformity among the microsquares at 6%. The thickness of the 
Ag film deposition also influences the SERS signal intensity. A 20 nm thick Ag film 
maximizes the SERS intensity. As the thickness of Ag film increases, the signal 
intensity decreases as the density of the nanogaps formed by the nanoparticles’ 
aggregation is reduced. This rapid fabrication approach with high controllability can 
provide huge potentials for practical applications of Si based SERS substrates. 
 
Secondly, SiNW arrays with good periodicity and high aspect ratio are fabricated by 
combining laser interference lithography and metal assisted chemical etching. With 
Ag film coating, such black Si surfaces are demonstrated for SERS detection. The 
height of SiNWs increases from 200 nm to 2 µm. Higher SiNWs exhibit stronger 
SERS signals due to the larger surface area for light-matter interactions. The SERS 
performance of Ag nanoparticles (NPs’) decoration by either redox reaction or 
thermal annealing on SiNWs in comparison to Ag film coating is also investigated. 
Ag NPs’ decoration by the redox reaction improves the SERS signal intensity due to 
the high density of hot spots within the detection volume. A magnification around 5.3 
times of that of Ag thin film coating at the 1083cm-1 Raman band of 4-
methylbenzenethiol molecules is observed. 
 
Lastly, the aspect ratio effect of such Ag NPs decorated SiNW substrates on SERS 
detection is investigated. By increasing the etching time up to 10 minutes, the height 
of SiNWs can reach to 10 µm and the aspect ratio of the nanowires can be as high as 
50:1. SiNWs with such high aspect ratios can also be used as a black Si surface. The 
SERS performance of such black surface substrates is investigated. The redox 
reaction decorates Ag NPs over the top, sidewall and bottom surfaces of the SiNWs 
to create plenty of hot spots on the large surface area. The aspect ratio is optimized 
for SERS detection by well balancing the large detection area and light trapping in 
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the black Si. The SiNW array cannot maintain a good periodicity when they are 
higher than 10 µm. The SERS performance of the well-ordered SiNW array is 
compared with such randomly arranged high SiNWs. The good periodicity and 
optimized aspect ratio result in higher SERS signal intensity and better signal 
uniformity.  
 
7.2 Future Work 
Future studies on this research can be extended to: 
 
1. Change other parameters especially the periodicity of the nanowire array to 
introduce the coupling of the neighboring metal decorated SiNWs: 
In this study, the main focus is on the aspect ratio effect of the 3D nanowires. The 
distance from one nanowire to another is several hundred nanometers, which does not 
provide the coupling in lateral directions among the nanowires. To decrease the 
periodicity of the 3D nanowire array from a few hundred nanometers down to below 
100 nm, the metallic films or nanoparticles adsorbed on the neighboring nanowires 
can interact with each other. The strong coupling brought by the metal coated 
nanowires in lateral directions can further increase the density of hotspots and the 
local field enhancement. It can improve the SERS performance of the substrates. 
Meanwhile, the aspect ratio effect in this case will be different. The optimal height of 
the nanowires can be increased since the higher height also contributes to the strong 
coupling of the metallic nanostructures in lateral direction. It will be interesting to 
study the SERS performance of such 3D nanowire array at a smaller periodicity. The 







2. Design of 3D structures with more spatial diversities: 
The surface area of the nanostructures plays an important role in the SERS 
performance of the substrates. The 3D structures investigated in this study are 
nanowires with different heights. Such structures exhibit large surface areas by 
greatly increasing the vertical dimension. To design 3D nanostructures not only with 
high vertical dimension but also with more structure diversities in lateral direction 
will further increase the surface area of the nanostructures, which contributes to the 
sensitivity of the SERS detection. The diversity in the lateral direction can induce the 
coupling of the metallic nanostructures and thus enhance the LSPR for SERS. 
However, the fabrication of complex 3D nanostructure will be very challenging. 
Advanced fabrication techniques, such as two photon polymerization, might be 
considered. 
 
3. SERS substrates with hybrid metal-dielectric structures: 
As mentioned above, the fabrication of complex 3D structures remains challenging as 
well, especially in a large area assay. A compromising design of the 3D SERS 
substrate is the multilayer metal-dielectric hybrid nanostructures. Metal-dielectric-
metal (MDM) oligomers are investigated in my previous study [122]. It is found that 
in the MDM oligomers, not only the E-component of incident field drives plasmon 
oscillations, but also the H-component plays an important role to excite magnetic 
plasmons. These magnetic plasmons give rise to a magnetic resonance in addition to 
classical Fano Resonance (FR). One key feature of the FR is the strong localization of 
the light among the nanostructures, which can be used for SERS detection, especially 
at single molecule level [123]. 
 
Besides the investigations only on the SERS substrates, the integration of those 
substrates into a portable bio-chemical SERS sensing device arouses more industrial 
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interests. Conventional SERS detection system includes the laser excitation, sensing 
platform (SERS substrates) and Raman spectroscope. Each component is an 
expensive individual setup, making the whole SERS detection system large size and 
complex. It prevents the practical field applications. Portable SERS detectors or even 
on-chip SERS sensor can be realized by integrating small size optical components, 
such as laser diode, waveguides, SERS substrates and micro-photomultiplier-tubes. 
The Si based SERS substrates studied in this work can play an important role for the 
device integration because the sensitivity greatly is improved by the surface structures. 
Meanwhile, the Si substrate is compatible with current semi-conductor fabrication 
process. To further achieve the portable SERS detection system with high sensitivity 
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